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The t ranspor t phenomena occurring across parchment 
supported and polystyrene moulded membranes have been thorou-
ghly invest igated by taking in to account the following 
aspects ; ( i ) ionic t r anspor t , ( i i ) membrane po t en t i a l , ( i i i ) 
e l e c t r i c a l conductivity, ( i v ) ionic d i s t r ibu t ion e q u i l i b r i a 
and (v) spa ta i l d i s t r i bu t ion of the ions and p o t e n t i a l 
within the membrane. 
The work described in the t h e s i s i s divided in to the 
following three p a r t s . 
part (A) mainly(^deals with the preparat ion of new 
system of parchment supported membranes and the s tudies of 
diffusion of b io log ica l ly important e l e c t ro ly t e s through 
them, Nernst-Planck f lux equations have been applied for the 
evaluation of diffusion r a t e s . The various membrane para-
meters namely membrane p o t e n t i a l E , ca t icn ic and anionic 
p o t e n t i a l s E^+ and E - and membrane re s i s t ance R e tc have 
been determined with various e l ec t ro ly t e s at different 
concentrat ions. The membrane po t en t i a l E^ for every membrane 
and with various e l ec t ro ly t e s display very i n t e r e s t i n g 
phenomena. In the case of 1;1 e l ec t ro ly t e s the E^ values 
are a l l pos i t ive while in the case of 2:1 and 3:1 e l e c t r o l y t e s 
the surface charge reversa l takes p lace . The values of 
membrane res i s tance decreases with increase in concentration 
of e l ec t ro ly te so lu t ions . By the use of I tLt t^- lberger ' s 
equation, the diffusion r a t e s of various e l e c t r o l y t e s were 
evaluated at different temperature. Gompjarison between 
observed and computed diffusion r a t e s have been made and i t 
was found that the Ki t te lberger ' s equation i s applicable to 
these systems of parchment supported membranes. 
The various membrane parameters were also evaluated 
at different temperatures and the energy of ac t iva t ion E 
for diffusion of e l ec t ro ly t e s were ca lcula ted . I t was found 
tha t the values of E^ for diffusion through the membranes 
are higher than those found for diffusion in free solut ion. 
The diffusion r a t e sequence and s e l e c t i v i t y of the membranes 
for various uni , b i and t r i v a l e n t cat ions were found to be 
pr imari ly dependent on the differences in hydration energies 
of counterions in the externa l solut ion. On the bas i s of 
Eisenman-Sierry-theory the diffusion r a t e sequence of a l k a l i 
metal cat ions point towards the weak f i e l d strength of the 
fixed charge groups. 
The theory of absolute react ion r a t e s has been applied for 
the diffusion processes and the various ac t iva t ion parameters 
namely enthalpy of ac t iva t ion A.H^, free energy of ac t iva t ion 
A F''^ , and entropy of ac t iva t ion A S^, were evaluated. The 
values of A S*"^  were found to be negative ind ica t ing that 
the diffusion takes place with p a r t i a l immobilization in the 
membrane phase. The r e l a t i v e p a r t i a l immobility was found 
to increase with increase in the valence of the ion cons t i tu-
t i ng the e l e c t r o l y t e . A formal relationslriip between 
^ h y d r a t i o n , ^^hydra t ion ^ ^ ^ ^ y d r a t i o n °^ ^^*i°^^ ""^^^ 
the corresponding values of AH''^, AF''^ and A a for diffu-
sion was also found to exis t for these membranes. 
Part (B) : This part mainly deals with (the charge 
densi ty evaluation by various methods given by ( i ) Teorel l -
Meyer-SLevers (TMS), ( i i ) Kobatake et a l . and ( i i i ) Nagasawa 
et a l . The values of Donnan po t en t i a l , diffusion po t en t i a l , 
and to ta l membrane po ten t i a l for KCl with various concentra-
t i o n s have been calculated according to TMS theory and i t s 
modified form by Altug and Hairy ' The most c ruc ia l point in 
Kobatake et a l . method based on the thermodynamics of i r r e v e r -
s ible processes i s to assume that the a c t i v i t i e s , a and a_ 
of small ions in the membrane can be represented by a = c 
and a = c where c i s the concentration of the co-ions in 
the membrane phase having the same sign as tha t of the 
ionizable group fixed on the membrane matr ix . This assumption 
implies tha t in the di rect ion of membrane th ickness , the 
gradients of the chemical po t en t i a l of pos i t ive and negative 
ions in the membrane are the same i . e . grad.a = grad.a 
Kobatake's equation contains various parameters namely o^ , ft 
and 9 which have been evaluated. These pcirameters were used 
for comparison of theory with experiment cind confirmed the 
a p p l i c a b i l i t y of Kobatake's equation of membrane po ten t i a l to 
these systems of membranes. Kobatake also derived another 
equation represent ing the degree of permselec t iv i ty of 
membrane-electrolyte system by the use of empirical expre^-i 
ssions of the a c t i v i t y coeff ic ients and mob i l i t i e s of small 
ions in charged membrane. Based on permselect iv i ty , a simple 
method for the evaluation of the effect ive fixed charge 
densi ty was proposed by Kobatake. The permselec t iv i ty and 
charge densi ty of the membranes were evaluated by t h i s method 
a l s o . 
Most r ecen t ly Nagasawa has derived an expression for 
the determination of thermodynamic a l l y effect ive fixed charge 
densi ty based on non equilibrium thermodynamics by taking 
various assumptions. This theory was also applied to these 
system of membranes and thermodynamically effect ive fixed 
charge densi ty was evaluated. The r e s u l t s of a l l these inves-
t i g a t i o n s show that the membrane po t en t i a l da ta are f i t t e d 
quite accurately by both equations derived by Kobatake and 
Nagasawa. 
Part ( C) : This port ion of the t h e s i s mainly deals 
with(the s tudies of b i - i o n i c p o t e n t i a l s . The t h e o r e t i c a l 
equation based on thermodynamics of i r r e v e r s i b l e processes 
for b i - i o n i c p o t e n t i a l and membrane p o t e n t i a l s derived by 
Toyoshima and Nozaki have been applied and t e s t ed with 
polystyrene moulded membranes. All the parameters of the 
equations have been determined and i t was found tha t the 
t h e o r e t i c a l l y determined b i - i o n i c po t en t i a l agree well with 
the experimentally observed b i - i on i c po t en t i a l va lues . / The 
main assumptions of Wozaki's equation that a c t i v i t y coeff i -
c ien t s and mob i l i t i e s of small ions are given by the 
expressions proposed from the expanded "add i t iv i ty ru l e " , 
are found to be applicable to these system of membranes. 
STUDIES ON MODEL MEMBRANES 
THKSIS S U B M I T TKO POK THK DKGMKB 
O P 
DOCTOR OF PHILOSOPHY 
I N 
C H E M I S T R Y 
T O 
THE ALIGARH MUSLIM UNIVERSITY, ALI6ARH 
DEPARTMENT OF CHEMISTRY 
ALIGARH MUSLIM UNIVERSITY M. I B A D U R - R A H M A N K H A N 
A L I G A R H B. Sc. (Hons.). M. Sc. M. Phil, (Alig ) 
Dec, 1977 
T1693 
e 
A L I G A R H M U S L I M U N I V E R S I T Y 
A L I G A R H , U.P. , I N D I A 
Department of Chemistry 
Phone : Office : 3345 
Date 15-12-77 
This i s t o c e r t i f y t h a t the t h e s i s e n t i t l e d 
"STUDIES ON MODEL MEMBRAISES" i s t h e o r i g i n a l work of 
t h e candida te and i s suitalDle for suhmission. 
7 
( FASIH A. STDDIIJI ) 
Reader. 
- /a/7-5 
_A_C_K_N_0_W_L_E_D_G_E_M_E_N_T. 
I have great p l e a s u r e i n t a k i n g t h e o p p o r t u n i t y 
of acknowledging my deep sense of g r a t i t u d e and thank-
f u l n e s s t o Dr. Fasih A. S idd iq i (Reader) fo r h i s most 
va luab le and geneous superv i s ion and s ince re guidence . 
I am ext remely t hank fu l t o Dr. M. N. Beg and my c o l l e a -
gues for t h e i r coopera t ion and va luab le s u g g e s t i o n s . 
F i n a l l y I render my thanks t o p r o f e s s o r Wasiur 
Rahman, Head, Department of Chemistry, Al igarh Muslim 
U n i v e r s i t y , A l i g a r h for h i s cons tan t encouragement and 
p rov id ing n e c e s s a r y r e s e a r c h f a c i l i t i e s i n t h i s work. 
I am a l s o thankfu l t o Council of S c i e n t i f i c and Indus -
t r i a l Research, New Delhi ( I n d i a ) for t he award of 
f e l l o w s h i p . 
( M. IBADUR RAH>:iM KSAN ) 
DEPARTi^ ENT OF CHEMISTRY, 
ALIGARH MUSLIM UKIVERSITI, 
ALIGARH (INDIA). 
LIST OF PUBLICATIONS 
STUDIES WITH MODEL MEMBRANES. 
IX. Eva lua t ion of Thermodynamic Parameters From 
t h e T r a n s i t i o n S ta t e Theory of Rate p r o c e s s e s 
For E l e c t r o l y t e Diffusion Through S i l ve r 
CJhloride Parchment Supported Membranes 
J . Polym. S c i . 1^ , 1935-1956 ( 1 9 7 7 ) . 
2 . STUDIES WITH MODEL MEMBRANES. 
XI. Eva lua t ion of Thermodynamic pa ramete r s For 
Dif fus ion And Fixed CJharge Dens i ty By Method 
Based On Thermodynamics Of I r r e v e r s i b l e 
P r o c e s s e s . 
J . Membrane S c i . 2 , 2^5 (1977) 
3 . STUDIES WITH, MODEL MEMBRANES. 
XVII. Eva lua t ion Of Thermodynamic Ac t iva t i on 
Parameters And E f f e c t i v e Fixed Oiarge Dens i ty 
Of parchment Supported AP- Po lys ty rene Moulded 
Membranes. 
J . De Chimie Physique (FRANCE); 2}ti 932 (1977) 
C O N T E N T ^ 
1. General Introduction ' *""^  
2. CHAPTBR - I 
The Diffusion of E lec t ro ly tes 
Through Parchment Supported 
Membranes. 
i ) Introduction -— —- 26-32 
i i ) Experimental —- — 3 3 - 61 
i i i ) Results and Discussion — — 62-5A 
iv) References — — 55-88 
3 . CHAPTER - I I 
Evaluation of Membrane 
Fixed Charge Density 
i ) Introduction — - — 89-96 
i i ) Experimental 97-105 
i i i ) Results and Discussion — 166-133 
iv) . References — - — 13^-137 
U-. CHAPTBR - I I I " ^ ^ ^ 
Studies of B i - i o n i c P o t e n t i a l s 
i ) I n t r o d u c t i o n 138-142 
i i ) Exper imental iH3-l^ rD 
i i i ) Resu l t s and Discuss ion 1A6-152, 
i v ) References - - - —- 153-154 
5 . SUMMARY - - - 1 - 5 
* * * 
GENERAL INTBODUGTION 
GENERAL INTRODUCTION 
The s t u d i e s of membrane phenomena have a t t r a c t e d t h e 
a t t e n t i o n of Chemists, P h y s i c i s t , Chemica;L e n g i n e e r s , Phys io-
l o g i s t , pha rmaco log i s t s , B i o p h y s i c i s t and Biochemis ts a l i k e . 
The l a r g e amount of work publ i shed i n the l a s t t e n yea r s 
t e s t i f i e s t h e i n t e r e s t of people be longing t o v a r i o u s f i e l d s . 
Surface chemis t ry , so lu t i on t h e o r y , c o l l o i d chemis t ry , e l e c t -
rochemis t ry e t c . were employed t o solve b i o l o g i c a l problems. 
The most important c o n t r i b u t i o n in t h i s f i e l d was made in 
1937 by t h e p u b l i c a t i o n of Discuss ions of The Faraday Soc ie ty 
on 'The p r o p e r t i e s and Func t ions of Membr<anes, N a t u r a l and 
A r t i f i c i a l ' and in 1956 by the p u b l i c a t i o n of 'Membrane 
phenomena' . 
The l i t e r a t u r e i n book form d e s c r i b i n g membrane 
technology and a p p l i c a t i o n s i s f a r too ex tens ive t o ment ion. 
The books by P lonsey (1 ) Kotyk and Janacek ( 2 ) and Hanley ( 3 ) 
e t c . con ta in chap t e r s of s o l u t i o n e l e c t r o c h e m i s t r y mainly 
t h e o r e t i c a l t r e a t m e n t s , bo th molecular and macroscopic , which 
could be employed t o desc r ibe v a r i o u s membrane phenomena. 
Several symposia on membranes have been h e l d a t d i f f e r e n t 
t imes in d i f f e r e n t p l a c e s , and t h e i r p roceed ings have been 
p u b l i s h e d . » I o n - s e l e c t i v e E l e c t r o d e s ' , e d i t e d by Durst ( ^ ) , 
con ta ins va luab le chap t e r s on the performJince c h a r a c t e r i s t i c s 
and uses of different solid and l i qu id meaibrane e lec t rodes . 
The pr inc ipa l volumes containing s ignif icant sect ions on, or 
t o t a l l y devoted to membrane phenomena are by Blanck and 
Saravis ( 5 ) , Sollner ( 6 ) , Helfferich ( 7 ) , Cole ( 8 ) , 
Lakshminarayanaiah ( 9 - I I ) , Hope (12) , Arndt and Roper (13) 
and Laiiger (1^) e t c . Sontinuing se r i e s are edited by Bit t a r 
(15) , Eisenman (16) , and Danie l l i , Rosenberg, and Cadenhead 
(17 ) . Applications of membrane phenomena to y ie ld act ing 
sensing e lect rodes are amply described in book edi ted by 
Eisenman ( I 8 ) . Numerous recent volumes are concerned, in 
pa r t , with membrane phenomena (19-27) . 
A precise and complete def in i t ion of the word 
"membrane" i s d i f f i cu l t to make ( 1 ) ; any complete def in i t ion 
gi"ven to cover a l l the face ts of membrane behavior w i l l be 
inexact and any precise statement w i l l be incomplete. I t i s 
described in simple terms as a phase, usual ly heterogeneous, 
act ing as a b a r r i e r to the flow of molecular and ion ic species 
present in the l i qu ids and / or vapors contacting the two 
surfaces. The term heterogeneous has been used to indicate 
the i n t e r n a l physical s t ructure and externa l physicochemical 
performance (28 ,29) . 
Membranes may be sol id , l i qu id , or gas, and the outer phases 
are usual ly l i qu id or sol id . Although i t i s frequently the 
case tha t membranes are th in in one dimension r e l a t i v e to 
the other two dimensions, t h i s property i s only funct ional 
or operat ional ( 30 ) . In order to achieve a measurable 
chemical change or electrochemical effect and to make chemi-
cal or electrochemical measurements on a membrane system in 
a reasonable time, some t ranspor t r e l a t ed property must be 
susceptible to temporal change. Membranes are considered to 
be porous or nonporous depending upon the extent of solvent 
penetrat ion (10 ) . At the nonporous extreme are membranes 
which are non-ionic and contain negl ig ib le t ranspor table 
species at equil ibrium. Ceramics, quartz, anthracene crys-
t a l s , and te f lon films between metal e lec t rodes or e l ec t ro ly t e 
bathing solut ions are solid membrane examples. Organic 
l iqu id films such as hydrocarbons and fluorocarbons in contact 
with aqueous e l e c t r o l y t e s are l iqu id membrane examples. At 
the other extreme are porous membranes, which can be solvated 
and w i l l contain components from the outer phases. Among 
these are nonionic films such as cellophane, inorganic gels , 
and loosely compressed pow:-ders in contact with aqueous 
so lu t ions . These mater ia l s absorb solvent from the surroun-
ding media and may also extract other neu t r a l molecules and 
ionic s a l t s . All of these mater ia l s contain ionic or i o n i -
zable groups within the membranes which ai'e capable of 
t ranspor t under diffusive or e l e c t r i c f i e l d fo rces . 
Cellulose in different forms has been used in a number of 
processes for the preparat ion of di f ferent membranes for a 
va r i e ty of uses . In recent years , the work has been published 
about the preparation of homogeneous membranes which are 
essential for fundamental studies involving transport proce-
sses in membranes. Most of the work seems to be directed 
toward finding suitable membrane materials for fabricating 
structures for effective desalting of sea water by application 
of pressure. However, polymethacrylic acid (PMA), phenol-
sulphonic acid (PSA), polystyrene sulphonic acid (PSSA), and 
cellulose esters have proved very useful. 
A new class of synthetic hydrated polymer membranes 
(Diaplex) for use in the separation aad purification of 
macromolecules by ultrafiltEration has been developed by 
Amicon Corporation (31). These are polyion complex resins 
ionically crosslinked. A foraminous support separated an 
aqueous solution of polyvinyl benzyl trimethyl ammonium 
chloride and another aqueous solution of sodium polystyrene 
sulphonate. The polycation and polyanion reacted forming a 
precipitate 200 A° thick at the interface determined by the 
support (32,33). 
When two electrolytic solutions ha^ /lng different free 
energies are separated by a membrane, the mobile species pene-
trate the membrane, and various transport phenomena are 
concomitantly included in the system. Due to the difference 
in dielectric constants of the membrane matrix and the 
external solution, and / or due to the dissociable groups 
attached to the polymer skeletons constituting the membrane, 
a membrane in an aqueous solution almost always has an 
electrical charge. The membrane is in a charged state, and 
the system considered is composed of three phases with two 
surfaces separating the membrane phase from the solutions. 
These are two important characteristics of the system consi-
dered. 
Theories on the transport of charged or uncharged 
particles across membranes can be roughly divided according 
to Schlogl (3^) into the following groups. 
Group 1 considers the membrane as a surface of discontinuity 
setting up different resistances to the passages of the 
various molecular or ionic species (35-37). The driving 
forces are the differences of the general chemical potential 
between the two outer media. (Differences of pressure or 
electrical chemical potential are included in the general 
chemical potential). 
Group 2 considers the membrane as a quasi-homogeneous inter-
mediate phase of finite thickness in which the local gradients 
of the general chemical potential act as driving forces (38-
^9). Convection may also contribute to particle transport 
within the membrane. 
Group 3 considers the membrane as a series of potential 
energy barriers lying one behind the other, thus forming, in 
contrast to group 2 , an inhomogeneous intermediate phase( 50-
52). An ( i r r e g u l a r ) spa t i a l l a t t i c e i s foinned due to the 
higher p robab i l i ty of finding a p a r t i c l e in the pos i t ions 
between the ac t iva t ion th resho lds . The driving forces a r i se 
from the differences between the t r a n s i t i o n p r o b a b i l i t i e s in 
opposite d i rec t ions perpendicular to the membrane. 
This grouping attempts to c lass i fy the various mathematical 
approaches, according to the idea l models on which they are 
based. I t i s in fact too schematic, as many theo r i e s occupy 
intermediate pos i t i ons . No author i s l i k e l y to take the 
view tha t one of these treatments i s r igh t and the others 
wrong. The various descr ip t ions supplement each other , and 
depending on the system under considerat ion, one of the three 
w i l l prove the most su i t ab l e . I t maybe shown, for example, 
tha t when the number of ac t iva t ion thresholds becomes very 
l a rge , and the distance between the l a t t i c e poin ts su f f i c i -
en t ly small, then groups 3 and 2 merge in to each o ther . A 
t r a n s i t i o n i s also to be found between groups 1 and 2, and 
t h i s w i l l be discussed l a t e r . 
Unlike group 3, groups 1 and 2 can be c l a s s i f i ed in 
the general scheme of i r r e v e r s i b l e thermodynamics. In 1 as 
well as in 2, l inear r e l a t ionsh ips are assumed between the 
p a r t i c l e fluxes and the driving forces . Owing to the d i f fe -
r ing characters of the driving forces , 1 i s t r ea ted according 
to the method of "discontinuous systems", and 2 according to 
that of "continuous systems". An in tegra t ion in group 2 
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across the membrane does not as a ru le yield a l inea r 
r e l a t ionsh ip between the f lux and the general chemical poten-
t i a l d i f ferences . Only for su f f i c i en t ly small differences 
does group 2 merge in to group 1 af ter i n t eg ra t i on . In t h i s 
sense 2 i s more general than 1. Group 2 i s , however, i n fe r io r 
to group 1 in that a number of i dea l i za t i ons must be assumed 
before an exp l i c i t in tegra t ion can be effected. 
Kirkwood (J'S) f inds a correction between group 1 and 2. His 
i n i t i a l f lux equation d i f f e r s from tha t normally used in the 
treatment of "continuous systems" in i r r e v e r s i b l e thermodyna-
mics. This treatment of Kirkwood has been developed and 
modified by Schlbgl. 
All these descr ip t ions supplement one another although 
depending on the system under considerat ion, one pa r t i cu l a r 
treatment may prove sui table than the o ther . On a broad ba s i s , 
i t may be said tha t the theor ies of group 1 are based on the 
ideas of c l a s s i c a l thermodynamics or quasi-thermodynamics 
which i s r e s t r i c t e d to isothermal systems. The theor ies of 
group 2, apart from being more r igorous and r e a l i s t i c allow 
a b e t t e r descr ip t ion and understanding of t ranspor t phenomena 
in membranes and are useful in dealing with nonisothermal 
systems. The theor ies of group 3 provide a general and uni-
f ied view applicable to systems of d i f fe r ing degrees of 
complexity. Unfortunately many of the parameters contained 
in the theor ies are unknown for the membrane. Therefore, i t 
i s d i f f i cu l t to assess them d i r e c t l y by experiment. 
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The t h e o r e t i c a l p r inc ip les of i r r e v e r s i b l e thermody-
namics and other t ranspor t equations used in the descript ion 
of membrane phenomena have been reviewed by Hanley ( 3 ) . 
aLmilarly, Mikulecky ( ^ ) has reviewed the mater ia l i l l u s t r a -
t i n g the appl icat ion of various flow equations to t ransport 
processes in different membrane systems. The review of Miller 
(55) I l l u s t r a t e s the universal nature of Onsagar rec iproca l 
r e l a t i o n s . The applicat ion of the Onsagar r ec ip roca l r e l a t i ons 
to a simple membrane t ranspor t process, as described by Kedem 
and Katchalsky (5^) has been questioned by Bresler and Wendt 
(57 ) . Contrari ly, 3nit and Staverman (58) have s tated t h a t , 
provided forces and fluxes are small, the Onsagar rec ip roca l 
r e l a t i o n s can be applied in the descr ipt ion of t ranspor t 
processes . Nevertheless, Richardson (59) has shown that the 
Kedem-Katchalsky flow equation for a non-e lec t ro ly te i s a 
f i r s t order expansion of an exact i n t e g r a l of the f r i c t i o n a l 
equations of Spiegler (6o) and Bearman and Kirkwood ( 6 l ) , 
This i s based on the assumption that the p a r t i a l f r i c t i o n a l 
coeff ic ients are independent of concentrat ion. Again the 
formalism of i r r e v e r s i b l e thermodynamics has been applied by 
Friedman (62) to describe mul t i - ion ic non-convective flow 
through a charged membrane. In te rac t ions between opposi tely 
charged ions have been taken in to account. The generalized 
Nernst-pianck flux equations are in tegra ted to obtain a 
r e l a t i o n between fluxes of species and the composition of the 
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solut ions contacting the membrane. The phenomenological 
equations for solute and solvent flows through a membrane 
have been examined by Srivastava and Paul ( 6 3 ) . Coupling 
phenomena that occur between solute and solvent flows in non-
idea l membranes have been discussed by Merten (6^ ) , Johnson 
Spiegler and Kedem (65 ) . 
Simons (66) has derived formulae for p a r t i c l e flow 
through membranes. These equations describe un id i rec t iona l 
f luxes and the flux r a t i o of perraeant species under conditions 
of coupling between the flows and between flows and metabolism. 
Similarly, a number of workers (67-70) have derived mathemati-
cal expressions for flow of p a r t i c l e s through a membrane 
accompanied by chemical reac t ions occurring at the membrane 
surfaces or ins ide the body of the membrane. 
Application of electrochemistry to the membrane pheno-
mena according to Buck (30) i s par t inent at three l e v e l s . One 
i s the development of techniques with appl icat ion to experi-
mental phenomenology. A second i s the mathematical modeling 
implied by experiment and t e s t ed against experiment. The 
t h i r d l e v e l i s the experimental ve r i f i ca t i on of models in 
terras of the molecular processes and p roper t i e s and includes 
determination of t h e o r e t i c a l parameters by e l e c t r i c a l methods 
and by complementary nonelectrochemical methods: physical 
op t i c a l , es r , nmr e t c . From t rans ien t and steady s t a te 
measurement of current or membrane p o t e n t i a l as a function 
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of chemical composition, chemical treatment, and temperature, 
the roles of kinetic and equilibrium parameters can be dedu-
ced or inferred. A possible approach to modeling begins with 
the assumption of the membrane as a linear system to which 
lav;s of network theory may be applied. Another begins by 
solution of basic electrodiffusion laws of transport with 
equilibrium or kinetic boundary conditions in order to deduce 
forms for system functions which satisfy the data. 
The most important contribution of electro chemists to 
membrane electrochemistry is the transfer of perspective and 
wisdom to the new area. The impact of membrane technology on 
analytical chemistry is twofold: the development of membrane 
systems responding in predictable ways to ionic solution acti-
vities has already provided a new dimension in electroanaly-
tical chemistry. This is the technology of ion selective 
electrodes. However, the second and possibly the major 
aspect of analytical chemistry affected by membrane technology 
is analytical separation science. In a particularly lucid 
table by Lakshminarayanaih (11), all presently known membrane 
phenomena are placed into categories according to the driving 
forces acting within or across membranes: gradients of 
chemical potential, electrochemical potentials, pressure, 
temperature, and combinations of these. 
According to Zwolinski, Eyring and Reese (52) one of 
the basic phenomena for sustaining the growth and development 
11 
of p lan t s and organism i s tha t of d i f fus ion. They have 
presented a de ta i led k ine t i c approach to diffusion v/hich 
c l a r i f i e s much es tabl ished concepts and provide impetus to a 
fresh approach to the problems in the f i e l d of b io log ica l 
d i f fus ion. The absolute react ion r a t e s theory treatment of 
diffusion and membrane permeabil i ty provides a general uni-
f ied point of view applicable to systems of varying degrees 
of complexity. I t i s equa]k adopt able to the treatment of 
the permeabi l i t ies of membranes to e l e c t r o l y t e s , to non-
e l e c t r o l y t e s under the driving forces of a concentration 
gradient , a c t i v i t y gradient , and externa l and i n t e r n a l poten-
t i a l gradient . Zwolinski, Eyring and Reese ( ^2) t r e a t i s e on 
membrane diffusion i s based on the "act ivated s t a t e " or the 
" t r ans i t ion s t a t e " theory. The f i r s t consideration along 
these l i n e s were, however, published by Danie l l i ( 5o). The 
treatment of Zwolinski, Eyring and Reese (52) i s e s s e n t i a l l y 
s imi la r . They operate with four r a t e constants for diffusion 
in t h e i r energy prof i l e curves; K ( i n so lu t ion) ; K^  ( in 
membrane); K (through solution - membrane) and K^^  ( for 
membrane - so lu t ion ) . 
Laidler and aiuler (51) have also t r ea ted the k ine t i c s of 
membrane t ranspor t under steady s ta te condi t ions . They 
employ similar p r inc ip le s and express the r a t e constant of 
the overa l l process of surface penetra t ion in terms of three 
specif ic r a t e cons tants . Various special cases are considered 
12 
and discussed with reference to the experimental data. They 
developed flux equations for solvent and solute especially 
as a function of the osmotic and hydrostatic pressures across 
the membrane. Recently, Tien and Ting (71) have applied the 
theory of absolute reaction rates to diffusion processes 
through Bilayer Lipid Membranes (BD'I ) and have derived the 
various thermodynamic quantities like free energy of activa-
tion, enthalpy of activation and entropy of activation etc. 
Teorell (38) developed a theory of the permeability 
of charged membranes of the "Michaelis-Wilbrandt type (72,73) • 
The main features of the theory presented by Teorell 
were •-
(i) The membrane itself is regarded as having a 
charge due to either adsorption, dissociation or polar 
character etc., but it is not necessary to make any further 
assumption as to its nature. The effect of the membrane is 
regarded as that of an "added ion" of a fixed homogeneous 
concentration. All ions were regarded as permeable through 
the membrane with given mobilities (not necessarily different 
from those in free water). 
(ii) There exists permanent Donnan equilibrium 
between the external solutions and the membrane surfaces. 
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With these assumptions i t was possible to give an 
expression for the t o t a l membrane po t en t i a l as equal to the 
sum of (a) Two Donnan po t en t i a l s at the membrane boundaries; 
(b) A common diffusion po ten t i a l within the membrane ( which 
for s impl ic i ty was always calculated from Henderson equat ion) . 
Kobatake et a l (7^-78) derived t h e o r e t i c a l equations 
based on thermodynamics of i r r eve r s ib l e processes for mem-
brane po t en t i a l a r i s ing between two e l ec t ro ly t e solut ions of 
different concentrations which are separated by a charged 
membrane and found that the equation agreed quite s a t i s f ac -
t o r i l y with experimental r e s u l t s . The most c ruc ia l point in 
i t s derivat ion was to assume that the a c t i v i t i e s , a and a 
of small ' ions in the membrane were represented by a = G_ 
and a = C , where C i s the concentration of the co-ions 
in the membrane phgse having the same sign as tha t of the 
ionizable group fixed on the membrane matr ix . This assum-
ption implies tha t in the d i rec t ion of membrane th ickness , 
the gradients of the chemical po t en t i a l of ^ve and -ve ions 
in the membrane are the same i . e . grad.a = grad.a 
Recently Nagasawa et a l . (79) derived various t h e o r e t i c a l 
equations of membrane po t en t i a l based on non-equilibrium 
thermodynamics by expressing the following phenomenological 
coe f f i c i en t s : 
- J Q = ^oo S^^^ So + ^o^ g^ <^^  H+ -»- Lo - grad ji_ 
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Here subscripts + , - and zero represent the cation, anion 
and water molecules, respectively. J» s the mass fluxes, L's 
the phenomenological coefficients, and ^»s the chemical 
potentials including contribution due to external forces. 
I t i s well-known that potential differences are found 
between two solutions separated by a membrane if the two 
solutions contain the same electrolyte in different concen-
t ra t ions . These potentials are called Nernst Potentials . I t 
i s equally well-known that potential differences are also 
found if the two solutions contain electrolytes of a different 
nature. These potentials are of great interest in biology 
and have acquired increasing interest in industr ia l practice. 
These are termed as bi-ionic \3a\ev1\ioSs C6iP> 
Michaelis (80) for the f i r s t time derived the 
following relation between BIPand mobility ra t io 
Where A 0gjp i s the bi- ionic potential and u^  and U2 are 
the mobility of the different permeating ions. Sollner (6) 
suggested replacing the mobilities u^ and u^ by the t rans-
ference numbers t and t p . Marshall (8I) replaced the 
transference numbers by the products of ac t iv i t i e s and 
mobil i t ies . 
In these theoret ical considerations various assumptions had 
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to be made concerning the d i s t r ibu t ion of ions in the 
s ta t ionary s t a t e . I t would be much more s a t i s f ac to ry If an 
expression for the BIP could be derived without any addi t ional 
assumptions. This has been shown to be possible for Nernst 
p o t e n t i a l which can be deduced from the t ransference numbers 
by general arguments based on thermodynamics of i r r e v e r s i b l e 
processes (37) 
Bi - ionic and concentration p o t e n t i a l s have been 
measured by a number of inves t iga to r s (82-89) using a va r i e ty 
of membrane systems. Some unusual systems employing s teara te 
have been constructed and used in the study of b i - i o n i c 
p o t e n t i a l s (85-88) to follow the ef fec ts of N^ and K"*" on the 
l i po id aggregates of the membrane s t r u c t u r e . Similarly, the 
se lec t ive behavior of synthet ic sulphonic and phosphonic acid 
membranes towards Na and K"*" ions has been deduced from measu-
rements of b i - i o n i c po t en t i a l s ( 88 ) . These p o t e n t i a l s have 
been corre la ted with the r e l a t i v e mobi l i t i e s of ions in the 
membranes and t h e i r s e l e c t i v i t y coe f f i c i en t s . Theoretical 
equations for both b i - i o n i c and concentration po t en t i a l s when 
a negat ively charged membrane and 1:1 e l e c t r o l y t e s are used 
have been derived by Toyoshima and Nozaki ( 8 9 ) . Using 
oxidized collodion membranes and e l ec t ro ly t e solut ions of 
KGl-NaCl, KCl-LiCl, and NaCl-LiGl, the required membrane 
po t en t i a l measurements were made in order to derive values 
for the parameters appearing in the various equat ions. Good 
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agreement was found between the b i - i o n i c p o t e n t i a l data and 
the theory. 
Some of the t ranspor t phenomena, such as ion migration, 
electro-osmosis, se l f -di f fus ion, e t c . , occurring across ion ic 
membranes have been described by Spiegler (59) by applying the 
p r inc ip le s of non-equilibrium thermodynamics and by Lightfoot 
and Go-workers (90,91) by emplojang the generalized Stefan-
Maxwell equations. Thermodynamics of i r r e v e r s i b l e processes 
has been applied to describe the e l e c t r o k i n e t i c phenomena in 
the l inear and non-l inear range by a number of i n v e s t i g a t o r s . 
A review of t h i s subject has been provided by Rastogi (92 ) . 
Singh and Singh (93) have questioned the a p p l i c a b i l i t y of the 
l inea r phenomenological equation used to describe the e l e c t r o -
osmotic flow and have given a non-l inear t ranspor t equation. 
Similarly, Rastogi et a l . (9^-) have experimentally inves t iga ted 
the e l ec t rok ine t i c phenomena in the non-l inear range using 
acetone-Pyrex s in ter (9*+) and methanol-quartz plug (95) systems. 
The d i rec t iona l c h a r a c t e r i s t i c s of electro-osmotic t ranspor t 
in same membranes of Pyrex s in ter and quartz plug were i n v e s t i -
gated by Rastogi and co-workers (9^-101). 
Ever since the time the f i r s t bimolecular l i p i d 
membranes (BLM's) were generated in I962 by Mueller et a l . 
( 102-10^) a great deal of a t ten t ion has been paid to under-
stand t h e i r formation and behavior under a va r i e ty of condi-
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t i o n s . Some of the proper t ies of these monolayers and 
b i l aye r s are helpful for understanding the s t ructure and func-
t ion of the b io log ica l membranes. Recently, other simple 
models for the physiological membranes have been studied in 
order to understand the behavior of complex c e l l membranes in 
terms of es tabl ished physico-chemical p r inc ip l e s (105-112). 
Their importance l i e s in the fact tha t they bear a close 
resemblance to the c e l l membranes of l i v ing systems. 
The c e l l s of animal t i s s u e s are multiphase systems but , 
as b a r r i e r s to the flow of matter , can be considered to form 
approximately a 3-phase system represented as 
Cell i n t e r i o r Cell boundary ! Cell environment 
I 
The boundary layer i s the c e l l membranes (or plaana membrane) 
which has an organized s t ruc ture made up of pro te in and l i p i d 
with the bulk of the l i p i d present as phospholipid. Exchanges 
which take place between the c e l l and i t s environment for i t s 
continued existence and function must occur across the 
membrane which i s f ree ly permeable to water and some ions 
( e . g . K'*' and CI") and r e l a t i v e l y impermeable to other ions 
( e . g . Ga '^ and SOi^ ") and co l lo ids . 
The work described in t h i s t h e s i s e n t i t l e d "Studies on 
Model Membranes" mainly deals with parchment membranes. The 
choice of taking parchment membrane as a model i s e n t i r e l y on 
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the suggestion of Prof. Torsten Teorel l (113) . Delivering 
eighth Spiers memorial l ec ture on "Transport phenomena in 
membranes", he has emphasised on the p roper t i e s of parchment 
membranes which can be considered as a good model for b io log i -
cal membranes-particularly the gas t r i c mucosal membranes in 
the following words: 
•lyiy own i n t e r e s t and the s t a r t i ng point of my work on membranes 
and t h e i r behavior was a very def in i te one. I think i t was 
ra the r t yp ica l of many b i o l o g i s t s or medical research people 
l i ke myself. As a research student I wanted to work on the 
problem of stomach ulcer formation and did some experiments on 
the c a t ' s stomach, on how i t s hydrochloric acid was produced 
and how i t s ac id i ty was "regulated". Soon i t was possible to 
demonstrate tha t the gas t r i c mucosal membrane, in some formal 
aspects at l e a s t , behaved exact ly l i ke a parchment membrane. 
I t could exchange ions by d i a ly s i s across i t and in that way 
i t was possible for us to propose a hypothesis for the so-
cal led "ac id i ty regula t ion" of the stomach, which has since 
been t e s t ed in various medical quar te r s . The finding, tha t 
e l ec t ro ly te t ranspor t processes in the stomach could be handled 
by something similar to F ick ' s diffusion law and tha t Nernst-
Planck formulae for e l e c t r i c a l po t en t i a l s were appl icable , 
encouranged me to proceed fu r the r" . 
The t ranspor t processes across parchment supported 
membranes which are considered in t h i s t h e s i s as a model for 
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b io log ica l membranes, have been studied under the following 
heads: 
( i ) ionic t r anspor t , "flux", 
( i i ) membrane po t en t i a l , 
( i i i ) e l e c t r i c a l conductivity, 
( i v ) ionic d i s t r ibu t ion equ i l i b r i a and 
(v) Spatial d i s t r ibu t ion of the ions and the po t en t i a l 
within the membranes. 
The work described in the t h e s i s takes in to consideration a l l 
the five aspects , and i s divided mainly in to following three 
p a r t s . 
Part (A): 
( i ) Evaluation of diffusion r a t e s of large number of 1:1 
2:1 , and 3:1 e l e c t r o l y t e s through ( i ) f e r r i c molybdate, ( i i ) 
Silver Chloride, ( i i i ) Silver phosphate and ( iv ) Silver 
tungsta te parchment supported membranes. The diffusion r a t e s 
were ca lcula ted . The diffusion coeff ic ients were also evalua-
ted using Giric and Graydon equation (1ll+). 
( i i ) The effect of temperature on (a) membrane po ten t i a l 
E (b) membrane res i s tance R , and (c) diffusion r a t e •^£- or 
Dr e t c . has been thoroughly, inves t iga ted . 
( i i i ) The various ac t ivat ion parameters namely enthalpy of 
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ac t iva t ion ^E^, free energy of ac t iva t ion /yF^ and entropy 
of ac t iva t ion A ^ for diffusion have been evaluated. The 
r e s u l t s are discussed in the l igh t of the views put forward 
by Sollner (6 ,12) , Gregor (115), Schniid(^5), and Helfferich 
(7) e t c . The f i e l d strength model of Eisemnan ( 1l6,117) and 
Sherry (1l8) and the theory of absolute react ion r a t e s have 
also been apolied in explaining various aspects , p a r t i c u l a r l y 
those of hydrated ionic size and the energet ics of hydration 
of the permeating species . 
par t (B) : 
This port ion of the t h e s i s mostly deals with the 
evaluation of membrane fixed charge densi ty by method of 
Teorel l (38) and Meyer and Sievers (39) and i t s modified form 
by Altug and Hair (119) . The recent approaches of Kobatake 
and Nagasawa based on thermodynamics of i r r e v e r s i b l e processes 
(71+-79) have also been extensively applied for the evaluation 
of thermodynamically effect ive fixed charge densi ty of 
membranes. 
par t (C) : 
The t h i r d and l a s t port ion of t h e s i s deals with the 
s tudies of the b i - i o n i c po t en t i a l s (BIP) on polystyrene moulded 
membranes. Eisenman's theory of s e l e c t i v i t y (120) and Marshall 
and K r i n b i l l ' s theory (8I) have been applied to evaluate 
different membrane parameters. Nozaki 's most modern theory of 
l & B 
membrane pb ten t i a l and b i - i o n i c po t en t i a l s (89) based on 
thermodynamics of i r r e v e r s i b l e processes has been applied on 
these membranes. The various membrane parameters have been 
evaluated. With the help of these parameters t h e o r e t i c a l 
b i - i o n i c p o t e n t i a l s were calculated and compared \^ th the 
observed BIP values . 
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I N T R O D U C T I O N 
Diffusion of E lec t ro ly tes Through Parchment Supported 
Membranes;-
The equations ( 1 ) tha t were used in t h i s i n v e s t i -
gation to compute diffusion r a t e s of various e l e c t r o l y t e s at 
d i f ferent temperatures through parchment supported membranes 
are simply modification of those which apply to the migration 
of ions under the influence of a p o t e n t i a l gradient . Their 
appl ica t ions are based on the assumption tha t the e l e c t r o l y t i c 
res i s tance of a membrane, which i s a r e s t r i c t i v e force r e t a r -
ding the migration of ions , w i l l oppose the diffusion of the 
same ions with equal force . 
Before preceeding with the der ivat ion of the Diffusion 
equations, the various symbols to be employed w i l l be defined-
^^ 1 Q_ > Q = millimoles of cat ion, anion and sa l t r espec t ive ly . 
I = e l e c t r i c current in mil l iamperes. 
E = e.m.f. (electromotive force) 
Ejj= l iqu id junction po t en t i a l 
E^= membrane concentration p o t e n t i a l 
E + = the po t en t i a l difference tha t i s equivalent 
to a given difference in cat ion concentrat ion. 
E = the net effect ive po t en t i a l difference act ing 
on the ca t ions . 
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E = the net effect ive po t en t i a l difference act ing 
on the anions. 
For the sake of convenience only a l l p o t e n t i a l s are 
in m i l l i v o l t s . 
C . Z , t and u are the cation concentrat ion, valency, 
t ransference number and mobi l i ty r e spec t ive ly . 
C , Z , t and u are the corresponding anion p rope r t i e s . 
G^  and G^ are the sa l t concentrat ions of the diffusing 
so lu t ions / 
•wo^e/liter). 
t = the diffusing time in seconds 
T = the absolute temperature 
R = the gas constant 
F = 96,500 coulombs, the Faraday constant . 
R_= solution res i s tance in ohms. 
R = e l e c t r o l y t i c res i s tance of the membrane in ohms. 
The well knovm laws of e l e c t r o l y s i s provided the 
following equations for the permeation of the ions in an 
aqueous solution 
+ - Z F 
^-- Z_F 
Where Q and Q respectively represents the millimoles of 
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cation and anion which must migrate in time t seconds in 
order to carry the current I . Substituting E/Rg for I ^^ 
Eqs 1 and 2 differentiating w . r . t . t yields equations for the 
migration rate 
(3) ^% dt 
dQ_ 
dt 
E t 
- Z^FH^ 
E t 
- Z_FR3 CM 
If a membrane is placed in the solution in such a way as to 
restrict the movement of the ions, Eqs. 3 and h still give 
the migration rates but t and t_ are now the transference 
numbers of the ions in the membrane rather than in the free 
solution and i\ji is substituted for R^. 
In migration, the force causing movement of the ions is an 
electrical potential difference, in diffusion, it is a concen-
tration difference. But since a solute concentration diffe-
rence can be expressed as an equivalent potential difference, 
their effect on the movement of ions is the same. 
It was assumed that Eqs. 3 and h could be directly applied 
to the diffusion of ions provided the proper values of the 
potentials and the ion transference numbers were employed. 
The equation for the potential that is set up at the junction 
of two solutions containing different concentrations of the 
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same s a l t i s 
RT U V 
U + V 
The assumptions made In Eq ,5 , g ives a t l e a s t wi th r easonab le 
accuracy, the p o t e n t i a l (E_.) which i s set up when t h e two 
s o l u t i o n s are separa ted by a membrane through which the move-
ment of i o n s can take p l a c e . Therefore E , may he s u b s t i t u t e d 
fo r Ej^  i n Eq.5 
u V 
m z " z 
By d e f i n i t i o n 
u + V 
C Z u ^ 7 „ 
+ C^ Z^ u + C_Z_v - C Z u*C Z Y 
but for experimental conditions where the test solutions 
contain different concentrations of a single salt, C Z, = 
+ + 
C Z ; hence 
t = rr^- and t = -^ 
and 
+ u + v - u + v 
z 
u + v .^ 
since t + t = 1 , the ionic mobility term in Eq.6 becomes; 
t 1 - t t (Z^ + Z ) - Z^ 
±_ « — ^ — ± _ or -^ t 1 _ 1. Z^ Z "" Z^ Z
+ - + — 
so 
Substituting in Bq.6 and solving for t yields Eq.7 which 
gives the transference number of the cation in the membrane 
Z^ Z K„F Z^  
+ 2^+Z_ ET In f^ ^+^^-
The emf of a concentration cell with out liquid 
junction depends upon the electrodes with which it is 
measured. 
If the electrodes are reversible w.r.t. the cations 
and if they are reversible w.r.t. the anions 
Although E -f and E - represents the concentration potentials 
acting upon the cations and anions respectively, to cause 
diffusion through the membrane, these forces, are almost 
modified by a membrane concentration potential. 
A membrane potential results from the fact that in 
most cases the anion and cation of a given salt have different 
mobilities. This means that when a salt start to diffuse 
from the more concentrated into more dilute of the two solu-
tions of the same electrolyte that are in contact, the 
faster ion initially out strips the slower ion and the 
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resulting separation of charges set up a potential difference 
between the two solutions. If the cation has the higher 
mohility the dilute solution will aquire a negative charge. 
This potential gradient which results from the difference 
in mobilities will, through the attraction between opposite 
charges, accelerate the movement of the slower ion and 
restrain the diffusion of the faster ion. When a steady-
state is reached the membrane potential is the force with 
which the faster ion must be restrained and the slower ion 
accelerated in order that two ions will diffuse at the same 
rate. Therefore the concentration potential difference across 
the membrane is modified by the membrane potential EL in the 
following manner: 
E^  = \^ - \ (10) 
Where E is the net equivalent potential difference causing 
diffusion of the cation from the concentrated to the dilute 
solution. 
Similarly E_ = E^- + E^ (11) 
The following three equations namely 7,8 and 10 are needed 
for the determination of Q , the millimoles of cations 
transfered through a membrane under a given concentration 
gradient 
do E t , ^. 
•^t- = -Jt ± _ (3) 
dt Z F R^ 
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and 
Z Z K F 
2^.'»'Z_ RT In 21 
) +( Z^ + Z 
+ 
E^ = E^+ - \ 
Where E^+ = f p In ^ 
+ 2 
C7) 
(10) 
(8) 
The fo l lowing genera l d i f f u s i o n r a t e equa t ion i s ob ta ined 
from the above equa t ions 
<iQ. 
ar 
1 
2 / ^ ^TF"^^^'^^) 
V-
z^+z 
• ) ( 
V 
a - ) + 
RT In 1 
^ 7 % 2 > 
+ -
(12) 
Where a l l t he f a c t o r s have t h e i r u sua l s i g n i f i c a n c e . The 
d i f f u s i o n r a t e Dr or (dQ/d t ) may now be c a l c u l a t e d through 
a membrane for v a r i o u s e l e c t r o l y t e s a t a n j t e m p e r a t u r e . 
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APPARATUS AND EXPERIMM I^TAL PBOGBDURE;-
( a) p r e p a r a t i o n of Parchment Supported Membranes;- The 
f e r r i c molybdate parchment supported membrane was prepared 
by the method of i n t e r a c t i o n suggested by S idd iq i e t a l . 
( 2 , 3 ) , F i r s t parchment paper was soaked in d i s t i l l e d water 
for about 2 h r and then t i e d c a r e f u l l y t o t h e f l a t mouth of 
a beaker con ta in ing 0.2M s o l u t i o n of f e r r i c c h l o r i d e . Th i s 
was suspended for about 72 hr i n a 0.2M s o l u t i o n of sodium 
molybdate . The two s o l u t i o n s were i n t e r changed and kept for 
another 72 h r . The membrane of f e r r i c molybdate t h u s p r e -
pared was w e l l washed with de ion ized water for t h e complete 
removal of f r ee e l e c t r o l y t e . 
The o the r parchment supported membranes namely ( a ) f e r r i c 
vanada te , (b ) s i l v e r c h l o r i d e , ( c ) s i l v e r phosphate and (d ) 
s i l v e r t u n g s t a t e were prepared by t a k i n g the fo l lowing so lu-
t i o n s : 
Membranes Solut ion (1 ) Solut ion (2 ) 
( a) F e r r i c vanadate 
(b ) S i lve r c h l o r i d e 
0.2M f e r r i c c h l o r i d e 
0.2M s i l v e r n i t r a t e 
( c ) S i lve r Phosphate 0.2M s i l v e r n i t r a t e 
(d ) S i lve r t u n g s t a t e 0.2M s i l v e r n i t r a t e 
0.2M Sodium 
or tho -vanada te 
0.2M Potassium 
ch lo r i de 
0.2M Sodium 
d i -hydro gen 
phosphate 
0.2M Sodium 
t u n g s t a t e 
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("b) A Schematic diagram of the apparatus (2) for the 
determination of diffusion r a t e s of various e l e c t r o l y t e s 
through parchment supported membranes i s sho^m in Figure A. 
I t consisted of two h a l f - c e l l s (12^ ml capacity) having 
flanges to f i t each o ther . The v e r t i c a l female j o i n t s , T and 
T» , attached to each h a l f - c e l l provide for introducing the 
e l ec t ro ly te and the p la t in ized conductivi ty c e l l e lec t rodes 
in to the h a l f - c e l l s containing e l ec t ro ly te C^  and Cp. The 
t e s t membrane in the form of a disc s l i g h t l y larger than the 
c e l l was i n s t a l l e d between the flanges of half c e l l s . Two 
Ag-AgCl J-shaped Ep, E^ electrodes and two Ag-AgCl d isc type 
e lectrodes E. , B> passed through two narrow holes in each 
half c e l l very close to the membrane as shown in Figure A. A 
narrow tube was slipped over the ends of each J-shaped and 
disc type e lec t rodes and waxed f i rmly. Some mercury was 
placed in each of the tubes to provide connection to the 
copper wire l eads . The solut ions in the compartments were 
s t i r r e d by means of magnetic s t i r r e r s . 
The changes in e l ec t ro ly t e concentration in the two 
half c e l l s were followed as a function of time by means of 
a conductometric method which u t i l i z e d a Cambridge conducti-
v i t y Bridge (NO. L - 3501^0) with a pair of p l a t in i zed 
conductivity c e l l e lec t rodes dipping in the sa l t so lu t ions . 
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Various salt solutions (Chlorides of postassium, sodium, 
lithium, barium, calcium, magnesium, and aluminium) were 
prepared from B.D.H.; A. R. grade chemicals. They were 
normally 0.IM and 0.OOIM in the two half cells initially. 
No appreciable change in 0.1M electrolyte concentration 
was observed, so we have assumed this concentration to be 
practically unchanged during this period (3-^ + hours). The 
potential difference between Ag/AgCl J-shaped electrodes 
in test solutions on opposite sides of the membrane is the 
algebraic sum of the concentration potential E and the 
membrane potential E . E was obtained by calculation 
from the measured concentrations of the two test solutions 
and (E + E ) was measured directly. The membrane concen-
tration potential B was then obtained by substraction. 
Under the conditions of the experiment the dilute solution 
side was always positive and E^ ^ was taken with its proper 
sign. 
The electrolytic resistance of the membrane R was 
determined periodically by applying an external E.M.F. to 
the Ag/AgCl disc type electrodes in the solutions on 
opposite sides of the membrane and measuring the change in 
the potential difference of the Ag/AgCl J-shaped electrodes. 
To determine the current in the circuit, the IR drop across 
a icnown resistance R (1000 ohms) in series with the cell 
was also measured. This measuring current was kept as low 
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as possible in order to minimize the t rans fe r of ions 
during the 2 or 3 minutes required for each res i s tance 
measurement, 
The ac tua l experimental procedure was to set up 
the c e l l vd-th membrane and Ag/AgCl e lec t rodes (both J-
shaped as well as d isc t y p e ) . Known Yolurae of the two 
t e s t solut ions (approx. 125 ml of each) were introduced 
and conductivi ty c e l l e lect rodes fixed in p lace . The 
assembly having magnetic s t i r r e r s in each half c e l l was 
placed in a thermostat maintained at 10° , ^^ , 20° , 
2 ^ and 30° (+ 0.1°C). The measurements needed are ( i ) 
the sa l t concentrations, of both t e s t so lu t ions , ( i i ) t h e 
membrane concentration p o t e n t i a l and ( i i i ) , the membrane 
r e s i s t ance , to compute the diffusion r a t e . 
Two se ts of ca l ib ra t ion curves were needed in t h i s expe-
riment, one to obtain concentration po t en t i a l E + . In 
the f i r s t case the curves were the p l o t s of conductance 
against concentrat ion. The curves from which concentra-
t ion po t en t i a l s were obtained were the p l o t s of E. M. F 
against log fC from the equation 
E. M. F = 2 ^ 3 0 3 ^ ^^g ^^^ 
For a l l the e l e c t r o l y t e s the E + was then equal to the 
difference between the E. M. F. Values of the d i l u t e and 
the concentrated t e s t so lu t ions . With 1^ in ohm, E + 
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and i ^ i n m i l l i v o l t s , Eq.12 g ives t h e r a t e of d i f fu s ion 
of an e l e c t r o l y t e through the membrane i n m i l l i m o l e / s e c o n d . 
The p o t e n t i a l and the conductance measurements 
were recorded by means of a pye P r e c i s i o n Vernier po ten -
t i o m e t e r (No.7568) and Cambridge c o n d u c t i v i t y Bridge (No. 
I»-3501^0) r e s p e c t i v e l y . The t h i c k n e s s of t h e membranes 
were as f o l l o w s : 
1. F e r r i c Molybdate = 0.0321 On 
2 . F e r r i c Vanadate = 0.0362 Cm 
3 . S i lve r Chloride = 0.03^0 On 
h. S i lve r Phosphate = 0.03^2 Cm 
5 . S i lve r Tungsta te = 0.0291 On 
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z 
< 
QC 
CO 
r 
UJ 
1 
60 
70 
60 
50 
/,0 
30 . 
TIME C*^ 0 
Rg.1 
/Va/j 0 / TTieynbrane boiemtLcd agaO^st tume 
joy KCI elecfrolute cci cCcfJerent {emjb^raiuY^ 
ihyouoA -ferric moiyl^dodt 7rieir)bya.rie, 
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TABLB-1: Values of Various Parameters for Diffusion of KCl 
(0.1M/0.001M) Through F e r r i c Molybdate Membrane At 
Time 
h r 
Conduc-
t a n c e 
mhos X 10" 
E 
obs 
mV mV 
E 
m 
mV 
R 
m 
ohm 
dQ/dt X lo'^ 
raillimole/s 
0.0 
0.5 
1.0 
1.5 
2.0 
2 .5 
3.0 
3.5 
h,o 
^.5 
5.0 
0.33 
0.35 
0.38 
0.^0 
0 .^2 
o.if3 
0.^7 
0.50 
0.56 
0.6o 
0.66 
l62 . i f 
160.2 
156.7 
• 153.8 
152.0 
1 ^ . 3 
I l f2 .5 
138.3 
136.7 
131.5 
130.9 
98 .0 
97 .5 
96 .5 
95 .5 
9,^.5 
9^ .0 
93.0 
92.0 
89 .5 
88.0 
85.5 
7h,h 
73.9 
72 .2 
70.8 
70 .2 
68.3 
63.5 
60.6 
62.0 
58.6 
66.3 
275.0 
272.5 
267.0 
265.5 
250.5 
237.0 
225.5 
222.5 
212.5 
205.7 
195.0 
7.79 
7.88 
8.2if 
8.39 
S-?? 9.68 
11.^0 
12.11 
11.32 
12.33 
12.69 
Vide F igu re s 1,2,3 
TABLE-2t Values of Various Parameters fo r Diffus ion of KCl 
(O.IM/O.OOIM) Through F e r r i c Molybdate Membrane At 
15°C c^o.i°c). 
Time Conduc-
h r t ance 
mhos X 10~ 
E bbs 
mV mV 
^ i ^ dQ/dt X 10^ 
mV ohm m i l l i m o l e / s 
0 .0 
0 . 5 
1.0 
1.5 
2 .0 
2.5 
3.0 
3.5 
^ . 0 
^.5 
5.0 
0.37 
0.38 
0.^0 
O.Mf 
0 . ^ 
0.50 
0.52 
0.56 
0.62 
0.69 
0.71 
157. 
1^9 
1^6, 
1^1, 
138-
136. 
13^. 
131. 
129, 
128.1 
126.1 
,1 
1 
If 
5 
2 
2 
101.5 
101.0 
100.5 
99.0 
98.0 
97.0 
96.5 
95.5 
93.0 
91.0 
90.0 
67.1 
60.1 
58.3 
55^7 
5U-.8 
5V.3 
52.7 
52.2 
53.2 
5^.8 
53.6 
255.0 
250.0 
237.5 
235.0 
220.0 
212.5 
205.0 
201.5 
198.0 
188.5 
180.0 
11.61 
13.52 
1^.5^ 
1^.79 
15.8^ 
16.23 
16.82 
17.22 
16.37 
15.9^ 
16.72 
Vide F igures 1,2,3 
300 
275 
250 
? 
o 
200 o 
z 
h 
vn 
£ 175 
LU 
z 
hi 
z 
150 
125 
100 
Fig. 2 
P/ofs oy ^TT) aoacmir terne Joy KC/ ai dlferevt 
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TABLB-3: Values of Various Parameters fo r Diffusion of KCl 
(0.1M/0.0G1M) Through F e r r i c Molybdate Membrane At 
20OC (+0 .1°C) . 
Time 
h r 
Conduc-
tance 
mhos X 
E 
10-
obs 
mV mV 
E 
m 
mV ohm 
dQ/dt X 10'' 
m i l l i m o l e / s 
0.0 
0.5 
1.0 
1.5 
2.0 
2 .5 
3.0 
3.5 
^ .0 
^.5 
5.0 
0.^0 
0.V2 
0.^8 
0.51 
0.53 
0.58 
0.62 
0.6if 
0.70 
0.71 
0.7^ 
1^ 6.3 
1^ 1.5 
138.3 
130.6 
126.8 
12^ 
120 
118 
115 
11^ 
1 
0 
1 
9 
11^ .3 
10^.0 
103.0 
101.5 
100.5 
100.0 
98.0 
97.0 
96.5 
9^.5 
9^.0 
93.5 
51.6 
if8.7 
^ 1 . 3 
^1 .9 
U-o.O 
38^ 
38, 
38, 
3 
1 
5 
39.0 
237.5 
225.0 
220.0 
210 .5 
200.0 
187.5 
177.5 
178.0 
175.0 
165.5 
152.5 
17.08 
18.^0 
18.11 
21 ! & 
22.12 
23.^8 
23.6^ 
23.^2 
26.22 
Vide f i g u r e s 1,2,3 
TABLE-^t Values of Various Parameters for Diffus ion of KGl 
(0.1M/0.001M) Through F e r r i c Molybdate Membrane At 
25°C (+0 .1°C) . 
Time 
h r 
Conduc-
t a n c e 
mhos X 10" 
E bbs 
mV mV 
E 
m 
mV 
R 
m 
ohm 
dQ/dt X 10^ 
m i l l i m o l e / s 
0.0 
0 .5 
1.0 
1.5 
2.0 
2 .5 
3.0 
^.5 
5.0 
0 .^5 
0.1+6 
0.50 
0.55 
0.60 
0.63 
0.67 
0.70 
0.72 
0.77 
0.80 
1^2.3 
138.2 
136.5 
131.1 
125.7 
121 .U-
118.^ 
115.^ 
113.^ 
110.9 
109.3 
103.5 
103.5 
102.5 
101.0 
99.5 
99.0 
98.0 
97.0 
96.5 
95.5 
9^.5 
^7.3 
^3.8 
if5.o 
^2 .7 
U-o.o 
3 7 . ^ 
36.3 
33.^ 
32.6 
32.5 
212 .5 
205.0 
195.0 
187.5 
182.5 
176.0 
167.5 
162.0 
160.5 
1^2.5 
135.0 
19.95 
21.if6 
21.96 
22.90 
23.67 
2^.97 
26.15 
27.10 
27.^0 
30.67 
31.00 
Vide F igures 1,2,3 
vn 
_Q» 
F) 
cx 
z 
o 
:3 
LL. 
U. 
P 
TIME CHr) 
Pi. 
-^hrouoA, Jcyyic iriotuSclcctc rnembrayne. 
Fig. 4 
Plois oj TTfeTfihram boienitaC aaaansO icme JOY 
Nad ai cUj-feytyii U7fil!>eyciturts -/Arouo^ Jeyric 
nmoluhdcde ^me^Tv brant. 
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TABIiE-5: Values of Various parameters fo r Diffus ion of KGl 
Time 
h r 
0.0 
0 . ^ 
1.0 
^.5 
2 .0 
2 . 5 
3.0 
?'^ h,0 
^ . 5 
5 .0 
( 0 . 
At 
, 1M/0.C 
30°C ( 
Conductance 
mhos X 10 
0 . ^ 
0 .52 
0.57 
0.6if 
0.68 
0.73 
0.79 
0.83 
0.86 
0 .92 
0.97 
(01M) Through F e r r i c Molybdate 
± 0.1°C) 
obs 
mV 
139.1 
131.9 
130.0 
127.6 
123.7 
118.8 
11^.1 
111.3 
110.0 
106.8 
105.0 
• 
\ * 
mV 
105.5 
10^.5 
103.5 
102.0 
101.0 
100.0 
9 8 . 5 
9 7 . 5 
9 6 . 5 
9 5 . 0 
9^.0 
E 
m mV 
39.8 
35 .3 
3 6 . ^ 
38 .2 
36 .5 
3^.2 
32 .2 
30.7 
30.7 
29.6 
29.8 
R 
m 
ohm 
190.0 
180.5 
175.0 
173.5 
162.5 
155.0 
152.5 
1^5.0 
137.5 
125.0 
112.5 
Membrane 
dQ/dt X 10^ 
m i l l i m o l e / s 
2^.65 
26.56 
26 .8^ 
26.18 
27.98 
29.51 
29.89 
31.37 
32.68 
35.55 
38.93 
Vide F igures 1,2,3 
TABLE~6; Values of Various Parameters fo r Diffusion of NaCl 
(0.1M/0.001M)-.Through F e r r i c Molybdate Membrane 
At 10°C ( + 0 . r C ) . 
Time 
h r 
Conductance 
mhos X 10 
E obs 
mV 
E ^ 
c 
mV 
E 
m 
mV 
m 
ohm 
dQ/dt X 10 
mil2J.mole/s 
0 .0 
0 . 5 
1.0 
1.5 
2 .0 
2 . 5 
3.0 
^ ^ 
^ . 0 
'^-.5 
5.0 
0.28 
0.30 
0.32 
0.37 
0.38 
0.^2 
0.^3 
OA6 
0.52 
0.53 
0 .55 
158.2 
152.2 
lkh,k 
1^2.3 
138.5 
133.1 
126.8 
125.0 
119-9 
116.8 
113.2 
87 .5 
8 6 . 2 
85.6 
Sh,3 
82.8 
82 .1 
8 0 . ^ 
79 .6 
77.7 
76 .2 
7 5 . 5 
72 .5 
67.7 
61 .5 
60 .0 
56.8 
9^^5 
5o.o 
^ . 8 
^6 .0 
Mf.5 
h2,3 
296.8 
287.3 
275.6 
270.3 
257.5 
2^8.7 
236.5 
225.3 
212.2 
211.1 
207.5 
^ .80 
5.95 
7.81 
7.98 
8.83 
9.57 
10.28 
10.^0 
12.35 
12.33 
12.93 
Vide F igures ^ , 5 , 6 
325 
0 1 2 3 ^ 5 
• T I M E (hr) 
Fig. 5 
Picts oj flyf, CLt^aCvsl- iCme -for Nad at dlf/erevt 
iernbeyatuYQs -//.rouq^ Jerric 7r?olyMate 
4i 
TABLEU7; Values of Various Parameters for Diffusion of NaCl 
(0.1M/0.001M) Through Fer r ic Molybdate Memhrane 
At 150c (+ 0.1°C). 
Time Conductance 
•5 
mhos X 10 
E bhs 
mV 
c^ 
raV 
E 
m 
mV 
I^ dQ/dt X 10^ 
ohm m i l l i m o l e / s 
0 .0 
0 .5 
1.0 
1.5 
2 .0 
2 . 5 
3 .0 
3.5 
h.o 
^.5 5.0 
0.30 
0.32 
0.33 
0 . 3 ^ 
0 .35 
0.36 
0.38 
o.Vo 
0.^3 
0.M+ 
o.h-e 
157.1 
150.7 
1V2.6 
1^0.9 
13^.1 
132.6 
125.^ 
120.5 
11^.8 
111.6 
109.2 
88.7 
87 .2 
86 .2 
85 .3 
84.7 
8 3 . 5 
81.7 
7 9 . 5 
77 .2 
75*7 
7^S 
6 8 . 5 
63 .0 
57*5 
5^*7 
5^*7 
?2-5 if6.8 
[^ 5.9 
lf2.5 
^0 .1 
^0 .0 
288.3 
276.5 
263.8 
2^8.3 
235.8 
226.7 
217.6 
212.^-
202.8 
193.12 
187.5 
6.lf5 
7.82 
9.39 
9.59 
11.^2 
11.5^ 
13.00 
12.91 
13.7^ 
1 .^61+ 
l l f .66 
Vide F igures 4 , 5 , 6 
TABLETS: Values of Various Parameters fo r Dif fus ion of NaCl 
(0.1M/0.001M)_Through F e r r i c Molybdate Membrane 
At 20°C ( + 0 . r C ) . 
Time 
h r 
Conductance 
mhos X 10 
E ohs 
mV 
^ 0 * 
mV 
E 
m 
mV 
R 
m 
ohm 
dQ/dt X lo ' ' 
m i l l i m o l e / s 
0 .0 
0 .5 
1.0 
1.5 
2 .0 
2 . 5 
3 .0 
.3-5 
4 . 0 
^.5 
0.33 
0 . 3 ^ 
0.38 
0.39 
0 .4 i 
0.46 
0.48 
0.49 
0.52 
0 .55 
154.4 
144.0 
139.1 
13'+.7 
131.1 
126.8 
123.6 
120.0 
117.8 
115.7 
9 7 . 5 
95 .0 
89 .8 
89 .0 
8 7 . 5 
86 .0 
85.6 
83.7 
83 .0 
8 1 . 5 
63.7 
55.2 
51.0 
47 .8 
45 .6 
42 .7 
4i .o 
4o.O 
39 .5 
39.0 
284.7 
263.3 
238.5 
225.6 
214.3 
203.6 
200.7 
192.3 
188.5 
187.5 
10.17 
12.30 
12.28 
1^.53 
15.V6 
16.47 
17.04 
17.^1 
17.65 
17.37 
Vide F igures 4 , 5 , 6 
TIME (hr) 
Rg. 6 
Puis oj J>7 a^acYish ilmt Jor Nad ai cUffe/e.yii 
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TABIiEUQt Values of Various pa rame te r s fo r Diffusion of NaCl 
(0.1M/0.001M)f.Through F e r r i c Molybdate Membrane 
At a r c C+0.1 c ) . 
Time 
h r 
Conductance 
mhos X IQ-^  
E obs 
mV 
0 . 0 
0.'? 
1.0 
I."? 
2 . 0 
2.5 
3.0 
3.? 
^ , 0 
^ .5 
5.0 
0.3^ 
0.35 
0.38 
0.^0 
0 . ^ 
0.^5 
0 . ^ 
0 . ^ 
0.52 
0.5^ 
0.5^ 
mV 
152.7 
1^2 .if 
136.6 
131.0 
126,6 
123.6 
121.3 
117.^ 
113.9 
111.5 
107.6 
101.6 
100.5 
99.^ 
98.3 
98.0 
97.3 
95.8 
9^.1 
92.9 
92.1 
90 .^ 
E 
m 
mV 
60 .2 
52.3 
i f2.6 
Mo.o 
38.8 
37.7 
35.5 
33.0 
32.7 
31.0 
m^ 
ohm 
25^.8 
231 
212 
,1 
5 200.0 
191.5 
187.5 
175.9 
175.0 
172.5 
170.0 
166.6 
d ^ d t X 10 
m i l l i m o l e / j 
13.^2 
16 A 5 
18.72 
20.69 
22.11 
22 .9^ 
23.86 
23.91 
2^.4-0 
2V.53 
2^.82 
Vide F igu re s ^ , 5 , 6 
TABLB-IQt Values of Various Parameters fo r Diffusion of KaCl 
(0.1M/0.001M)-Through F e r r i c Molybdate Membrane 
At 30 G ( 4 0 . I C) . 
Time 
h r 
0.0 
0 
1 
1 
2 
2 
.5 
.0 
.5 
.0 
.5 
3.0 
^ . 0 
^.5 
5.0 
Conductance 
mhos X 10 
0.37 
0.37 
0.^0 
0.^2 
0.^6 
0.^7 
0.^9 
0.52 
0 .5^ 
0.57 
0.59 
E obs 
mV 
155.0 
1M-6.8 
139.6 
I34-.3 
129.3 
125.5 
11M-.^ -
111.2 
108.5 
106.1 
102.9 
^ c ^ 
mV 
10^.2 
102.9 
101.8 
100.1 
98.8 
98.0 
96.7 
95 .5 
93.7 
92 .1 
91.0 
E 
m 
mV 
57.7 
51.2 
^5.2 
^ 1 . 5 
38.0 
36.0 
35.0 
33.8 
32.0 
30.5 28.5 
ohm 
<iQ/dt X K 
mil l imole/ 
237.1 
218.6 
200.9 
188.0 
182.5 
175.0 
165.6 
162.3 
157.8 
155.0 
153.0 
15.81 
17.19 
21.11 
22.76 
23.92 
25.12 
26.31 
26.68 
27.19 
27.^1 
27.78 
Vide F igures ^ , 5 , 6 
> 
-J 
P 
z. 
h 
o 
a. 
LU 
z 
CO 
£ 
Z 
T I M E ( H K ) 
Rg.7 
/ % ^ ^ 7y>err7i>rane boierftlai aoaCrtji iowe 
Joy Li CI ai differ evt tcTDbercLtzcres fli-rouQ^ 
-ferric 7y)oU/lscCa.tc ?77err7brane. 
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TABLB-11; Values of Various Parameters fo r Diffus ion of LiCl 
(0.1M/0.001M)^Through F e r r i c Molybdate Membrane 
At 10OC ( + 0 . r C ) . 
Time 
h r 
Conductance 
mhos X 10 
E obs 
mV 
^ c ^ 
mV 
E 
m 
mV 
B^ dQ/dt X W 
ohm m i l l i m o l e / s 
0.0 
0.5 
1.0 
^.5 
2.0 
2.5 
3 .0 
,^•5 
^ . 0 
^ . 5 
5.0 
0.20 
0.23 
0 . 2 ^ 
0.26 
0.29 
0.30 
0.33 
0.33 
0.35 
0.37 
0.38 
1 5 1 . ^ 
1^3.9 
139.2 
135.9 
131.6 
125.9 
122.9 
117.8 
116.0 
111.9 
102.9 
8^ .5 
83 .1 
81.9 
81.0 
79 .5 
78 .J+ 
77.0 
75.9 
7^.3 
73.0 
71.8 
66.7 
61.0 
58.1 
55.0 
51.6 
^7 .3 
i f6.o 
U-3.5 
^3 .0 
^0 .9 
36.5 
322.6 
302.5 
300.0 
290.5 
275.7 
273.0 
267.8 
262.5 
255.0 
257.3 
250.0 
5.10 
6.55 
7 .02 
7.79 
8.65 
9 .^5 
9.60 
10.06 
10.05 
10.08 
11.06 
Vide F igures 7 , 8 , 9 
TABLE-12; Values of Various Parameters fo r Diffusion of LiCl 
(0.1/0.001M) Through F e r r i c Molybdate Membrane 
At 15°C C+0.1°C). 
Time 
h r 
Conductance 
mhos X 10 
E obs 
mV mV 
En, 
m 
mV 
I ^ d Q / d t X 10'^ 
ohm m i l l i m o l e / s 
0.0 
0 .5 
1.0 
1.5 
2.0 
2.5 
3 .0 
3-^ h.o 
•+.5 
5.0 
0.22 
0.2^1-
0.26 
0.29 
0?31 
0.32 
0.33 
0.35 
0.38 
0.^0 
0.^2 
151 
1^ -5 
1^0 
132 
128 
120 
118 
11^.8 
112.^ 
108 
87 
8.5 
2 
.7 
81+.0 
82, 
81 
3 
5 
79 .8 
78 .3 
76.1+ 
73.9 
72 .6 
106.3 72.0 
6^.0 
60 .0 
55.8 
^0.0 
h7.e 
h2,3 
ho,8 
39.0 
37 .5 
35.0 
3^.1 
310.2 
290.0 
287 .5 
267.0 
260.0 
250.0 
237.5 
237.0 
235.0 
230.0 
221+.8 
6, 
7. 
8, 
10. 
10. 
11. 
12. 
12. 
12. 
12, 
70 
82 
he 
69 
90 
¥f 
36 
10 
57 12.86 
Vide F igures 7 , 8 , 9 
350 
150 I 
0 1 2 3 . 
Fig. 8 
Plots oj ir>en>hranc yesi's-ianco. ccQao'ns& tcme JOY 
Lid elecholyte ihrouat Jerrcc rmoiyboLait me,rnb~ 
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TABLB-1^t Values of Various Parameters fo r Dif fus ion of LiCl 
(0.1M/0.001M) Through F e r r i c Molybdate Membrane 
At 20OC (+0 .1 C) . 
Time Conductance E 
h r mhos x 10 
ohs 
mV 
^ 0 * 
raV 
E 
m 
mV 
R dQ/dt X 10 
ohm m i l l i m o l e / s 
0.0 
0 .5 
1.0 
1.5 
2.0 
2.5 
3.0 
3.5 
^ . 0 
^.5 
5.0 
0.2U-
0.26 
0.28 
0.30 
0.35 
0.37 
0.39 
0.^0 
O.J+2 
0.^3 
o. i f5 
153.2 
in-6.1 
1^1.8 
135.6 
132.1 
127.3 
122.1 
119.5 
11^.6 
108.3 
10^ . ^ 
98.3 
96.3 
95 .1 
93.7 
92.0 
90 .2 
88.7 
87.3 
8^.8 
82.2 
80.6 
61.0 
55*5 
52.5 
h7.e 
h5.0 
h^.5 
38.8 
3 7 . ^ 
3^.1 
30.5 
29.0 
285.0 
275.9 
262.5 
250.0 
250.0 
237.0 
225.9 
225.0 
223.7 
222.5 
215.0 
10.99 
12.08 
13.06 
1^39 
1^.52 
^?'P) I6 . i f6 
16.5+1 
I6. i f9 
16.5V 
17.11 
Vide F igures 7 , 8 , 9 
Ti!EI^-1^-: Values of Various Parameters for Dif fus ion of LiCl 
(0.1M/0.00lM)_,Through F e r r i c Molybdate Membrane 
At 25°C ( + 0 . r C ) . 
Time 
h r 
Conductance 
•5 
mhos X 10 
E 
'obs 
mV mV 
E 
m 
mV 
I ^ d<2/dt X 10'^ 
ohm m i l l i r a o l e / s 
0.0 
0 5 
0 
5 
0 
1, 
1. 
2. 
2 . 5 
3.0 
V.o 
V.5 
5.0 
0.25 
0.27 
0.29 
0.32 
0.3V 
0.38 
0.39 
o.Vo 
o.if3 
0 .^5 
0.^6 
150.5 
1^3.3 
139.0 
13^.3 
130.2 
126.0 
12^.6 
117.1 
112.8 
110.0 
107.0 
100.5 
99 .1 
97 .5 
93.9 
91.8 
90.0 
88.3 
85.2 
83.6 
82 .1 
81.0 
56.0 
50.0 
!+7.8 
h5.0 
i+2.3 
39.9 
Vo.o 
35.6 
32.8 
31.5 
30.0 
270.8 
250.0 
2^2.5 
237.1 
225.0 
223. V 
212.5 
212.0 
210.8 
207.0 
203.0 
13.26 
15.23 
15.83 
15.81 
16.6V 
16.77 
17.13 
17.19 
17.38 
17.5V 
17.78 
Vide F igures 7 , 8 , 9 
22-5 
Zo 
p 
a 
z 
o 
in 
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LL 
P 
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Fig-9 
PLois oj d7 a^acvsl' tm^e -for UCI ai dijfeiemt-fewf^e-
latuyesr ihrou^ ^eyvic OTjoiyhclatc 7ncrr}6rou7ie, 
z 
lu h 
o 
a 
UI 
Z 
cr 
E 
tu 
Z 
TIME (Hr) 
Fig. 10 
Pfois oj -membiane boieniiaC aocu7is6 i^^f^^ J^^ 
BaC/i ai different -Icwf^eratures fhrou^ Jeinc 
7r)oiyt>c^CLte ryieoTihycune-
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TABLE-
Time 
h r 
0.0 
0.? 
1.0 
1.5 
2 .0 
2 .5 
3.0 
3.5 
^ . 0 
^.5 
5.0 
• 15: Values c 
( 0 . 
At 
Conduct 
mhos X 
0.28 
0.29 
0.32 
0.3"+ 
0 . 3 ^ 
0.36 
0.39 
0.1+1 
0.^3 
0 .^5 
0 . ^ 
. 1M/0 
30^C 
;ance 
3 
10-^  
Df Varioui 3 Parameters for Diffusion of LiCI 
.001M)_,T]arough F e r r i c Molybdate 
C+o.rc) 
^obs 
mV 
1^9'0 
1^1.7 
137.0 
132.i+ 
128.2 
123.0 
118.9 
11^.3 
110.6 
109.1 
105.8 
• 
^c-^ 
mV 
101.8 
100.2 
97.5 
95.6 
9^.0 • 
92 .8 
9 1 . 2 
90 .3 
88.1 
85.7 
83.9 
mV 
53.7 
^7.9 
if5.0 
lf2.5 
39.8 
35.^ 
3^.5 
32.0 
29.0 
30.0 
28.8 
\ 
ohm 
260.3 
2lf2.5 
230.0 
225.1 
212 .5 
212.0 
205.1 
200.0 
198.2 
185.0 
180.0 
Membrane 
dQ/dt X lO'^ 
m i l l i m o l e / s 
1^.65 
16.50 
17.29 
17.65 
18.81 
19.37 
19.75 
20.^6 
20 .5^ 
21.08 
21.31 
Vide F igu re s 7 , 8 , 9 
TABLE-16; Values of Various Parameters fo r Diffus ion of BaClp 
(O.IM/O.001M) Through F e r r i c Molybdate Membrane 
At IQOC (+0 .1 C) . 
Time Conductance E^^ E^+ ' E j^ R dQ/dt x lo'^ 
h r mhos x 10 mV "mV mV ohm m i l l i m o l e / s 
212.7 1^.5^ 
205.0 1^.82 
200.7 15.08 
19^.9 1 5 . ^ 
190.0 15.60 
185.3 > 15.72 
181.5 15.77 
175.0 15.81 
168.0 16.1I+ 
0.0 
0.5 
1.0 
1.5 
2.0 
2 .5 
3.0 
^ ^ 
^ . 0 
0.^2 
0.^5 
0.^9 
0.51 
0.5^ 
' 0.58 
0.60 
0.65 
0.67 
60.^ 
55.1 
if8.6 
^ . 0 
39.^ 
3^.7 
30.9 
26.7 
23.8 
82.9 
80.3 
79.0 
78.0 
76.5 
75.0 
73.7 
71.3 
70.1 
-16 . ^ 
. -20.3 
-25.5 
-29.3 
-32.5 
-35.5 
-37.6 
-^0.3 
-^2 .5 
Vide F igures 10,11,12 
TIME C^ »0 
Fig.11 
Plois of ^yn a^alvjl- it>rr}e Jcr /dciC/^i at Mffereoot 
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TjjELEUl7; Values of Various Parameters for Dif fus ion of BaGl2 
(0.1M/0.001M) Through F e r r i c Molybdate Memhrane 
At 15°C(+0.1'^G). 
Time 
h r 
Conductance 
mhos X 10 
E 
obs 
mV . mV mV ohm m i l l i m o l e / s 
0 . 0 
0 .5 
1.0 
1.5 
2 . 0 
2 . 5 
3 .0 
3 .5 
^ .0 -
Vide 
oM 
0.^ 4-8 
o.5o 
0.53 
0.55 
0.6o 
0 .6 l 
0.67 
0.71 
F igu re s 
6o .1 
55.1 
^8 .8 
^ 3 . 2 
39.0 
35.8 
32 .3 
28 .i^ -
25.6 
10,11,12 
86 .1 
8^.3 
83 .1 
82 .0 
80 .5 
78 .6 
7 7 . 3 
7 5 . 2 
7h-,k 
- 1 8 . 5 
- 2 2 . 0 
- 2 7 . 5 
-31 .9 
- 3 5 . 0 
- 3 7 . 6 
- ^ 0 . 0 
- ^ 2 . 5 
-Mf.if 
208^0 
202.5 
196.8 
193.0 
189.9 
18^.0 
177.9 
172.0 
l6if.5 
15.51 
15.78 
16.20 
I6.if3 
l 6 . ¥ f 
16.59 
16.83 
16.87 
17.6^ 
TABLE-18; Values of Various Parameters fo r Dif fus ion of BaClp 
(0.1M/0.001M)^Throu^ F e r r i c Molybdate Membrane 
At 20^C ( 4 0 . 1 ° C ) . 
Time 
h r 
Conductance 
3 E. •"obs mhos X 10'^ mV 
E + c^ 
mV mV ohm 
dQ/dt X 10^ 
m i l l i m o l e / s 
0 . 0 
0 .5 
1.0 
1.5 
2 . 0 
2 . 5 
3 .0 
?-^ 
^ . 0 
0 . ^ 
0.53 
0.55 
0.58 
0.60 
0 .65 
0.66 
0.72 
0.76 
59.3 
53.7 
k^.^ 
kh.O 
39.^ 
35.3 
31.7 
28.1 
25.3 
88.3 
86.2 
85.0 
8^.0 
82.8 
80.9 
79.2 
77.5 
76.2 
-22.0 
-26.3 
-30.0 
-3'+.0 
-37.5 
-H-o.o 
, -^2 .5 
- ¥ f . 6 
-If 6.0 
20^..9 
199.5 
195.0 
190.0 
185.6 
180.0 
173.5 
167.0 
160.5 
16.28 
16.52 
16.77 
17.11 
17.31 
17.^6 
17.73 
17.97 
17.35 
Vide F igures 10,11,12 
t>o 
2 3 
TIME (hr) 
Fig. 72 
P/oi<^ o-f Vr CLQacnst ilmne^ -joy fiaC/a^ at dijjeremt 
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TiBLE-19; Values of Various Parameters for Diffusion of BaGl2 
(0.1M/0.001M) Through Ferric Molybdate Membrane 
At 25°C (sO.rC). 
Time 
hr 
Conductance 
3 
E 
obs 
mhos X 10"* mV 
E + 
c 
mV 
E 
m 
mV 
B^ dq/dt X lO'^ 
ohm. millimole/s 
0 . 0 
0,5 
1.0 
1 . ^ 
2 . 0 
2 . 5 
3 . 0 
3.5 
^ . 0 
0 . 5 2 
0.5^ 
0 . 5 8 
0.6if 
0 .67 
0 .71 
0 . 7 6 
0 . 8 0 
0 . 8 5 
59.1 
53.8 
^2.0 
38.6 
35.1 
32.8 
26.5 
23.^ 
9^.1 
92.7 
91.0 
89.7 
88.2 
86.7 
8if.9 
83.2 
81.5 
-23.5 
-27.5 
-33.0 
-37.0 
-39.9 
-^2.5 
-if 2.5 
-k7.5 
- ^ . 0 
198.7 
195.0 
190.0 
185.5 
182.0 
180.0 
170.8 
163.5 
158.0 
17.88 
18.13 
^QM 
18.73 
18.81 
18.72 
19.32 
19.73 
19.9^ 
Vide Figures 10,11,12 
TABLE. 
Time 
H 
0 . 0 
0 . 5 
1.0 
1.5 
2 . 0 
2 . 5 
3.G 
?-5 
^ . 0 
• 2 0 : Va lues < 
CO, 
At 
Conduct 
mhos X 
0 .57 
0 ,61 
0 . 6 3 
0 .69 
0 . 7 3 
0 . 7 8 
0 . 8 0 
0 .86 
0 . 9 ^ 
,1M/0 
30^C 
iance 
3 
10^ 
Df V a r i o u s P a r a m e t e r s f o r D i f f u s i o n of BaCl^ 
.OOIM)^ 
C+O.l"^ 
o b s 
mV 
6 1 . 9 
55.0 
^ . 3 
3 8 . 2 
3^.5 
3 0 . 3 
2 7 . 3 
2 3 . 1 
2.1-3 
Through 
'0. 
^ c ^ 
mV 
95.9 
9 3 . 7 
. 9 3 . 1 
8 1 . 8 
9 0 . 2 
8 8 . 7 
8 7 . 0 
85.3 
8 3 . 2 
F e r r i c Molybda te 
\ 
mV 
- 2 5 . 0 
- 2 9 . 5 
- 3 5 . 0 
-38.i+ 
- ^ 2 , 0 
-If 5 .0 
- ^ 7 . 9 
-^9.5 
- 5 1 . 8 
\ 
ohm 
1 9 5 . 3 
190 .2 
1 8 6 . 5 
1 8 1 . 5 
178 .0 
17^ .9 
167 .0 
161 .9 
1 5 5 . 0 
Membrane 
dQ/d t X lo ' ' 
m i l l i m o l e / s 
18 ,60 
18 .85 
19 .26 
19 .60 
19 .68 
19 .71 
2 0 . 2 3 
2 0 . ^ 1 
2 0 . 7 7 
Vide Figures 10,11,12 
> 
z 
UJ H 
o 
UJ 
z 
cc 
CO 
z 
UJ 
I 
T l M e ( h r ) 
Rg.l3 
/ % ^ <2/ ^errjbrcune l?oie7)iiCit aoaOr)st iuwe Joy 
CaCli ai cCiJJeyent tzTnheratuief i/iroLW^ -feyric 
moiubdaU TJierrthYCtve. 
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TABLE-21; Values of Various Parameters fo r Dif fus ion of CaGl2 
(0.1M/0.001M)^Through F e r r i c Molybdate Membrane 
At iooc (+o.rc). 
Time 
h r 
Conductance 
3^ 
E, obs 
mhos X 10"^  mV mV 
E^ B^ dq/at X 10^ 
mV ohm m i l l i m o l e / s 
0 . 0 
0.5 
1.0 
1.5 
2 . 0 
2.5 
3.0 
^ ^ h,0 
0.3^ 
0.39 
0.^0 
. oM 
oM 0.50 
0.5^ 
0.56 
0.59 
9^.5 
h-9.3 
^2.8 
37.7 
33.^ 
28.8 
26.1 
22.5 
10-7 
81.5 
79.3 
78.6 
76.8 
75.1 
73.^ 
71.9 
70.1 
68.8 
-17.3 
- 2 1 . 1 
-25.0 
-30.0 
-33.2 
-35.9 
- -39.0 
-^0.3 
- ^ 2 . 2 
228.5 
2 2 2 . ^ 
217.6 
211.7 
206.5 
202.3 
198.0 
188.9 
183.5 
13.36 
13.51 
13.83 
1^.03 
1^.11 
1^.10 
1^.38 
1 ^ . ^ 
Vide F igures 13,1^ ,15 
TAB LB-22: Values of Various Parameters fo r Diffusion of CaCl, 
(O.IM/0.001M)-Through F e r r i c Molybdate Membrane " 
At i5°c (+o.rc). . 
Time 
h r 
Conductance 
mhos X 10-
B 
'obs 
mV 
c 
mV 
m 
mV 
I^ dQ/dt X 10*^  
ohm m i l l i m o l e / s 
0 .0 
0 . 5 
1.0 . 
1.5 
2 .0 
2.5 
3 .0 
3.5 
if>0 -
0.36 
0.^0 
0.^2 
0.1+5 
0 . ^ 
0.51 
0 . 5 ^ 
0.60 
- 0 . 6 3 
60 .0 
52.lf 
|H-5.9 
h^.6 
38.3 
33 .3 
28.7 
25.3 
21.7 
83.if 
81 .1 
79.9 
78 .2 
76.9 
7^.8 
7 2 . 5 
71 .1 
69 .6 
- 1 9 . 8 
- 2 5 . 0 
-29 .9 
- 3 2 . 5 
- 3 5 . 0 
- 3 7 . 8 
- ^ 1 . 0 
-1+2.6 
-Mf.5 
221.7 
216.0 
210.1 
205.0 
201.9 
198.0 
190.0 
186.1 
180.0 
I l f . l8 
II+.35 
1^.67 
^h.79 
^h-,7^ 
lif.68 
1^.79 
1^.79 
1^.89 
Vide F igures 13,1^+, l5 
a3o 
0 1 2 3 Z, 
/'/(j/^ ^y /<9w aaacvst icrntjor CaC/^iot clijfereni 
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TABLE-23; Values of Various Parameters f o r Diffusion of CaClp 
( 0.1M/0.001M)^Through F e r r i c Molybdate Membrane 
Q^t 20^C ( + 0 . 1 ° C ) . 
Time 
h r 
Conductance 
3^ 
S. 
obs 
mhos X 10-^  mV mV 
\ \ • <iQ/^t X 10^ 
mV ohm millimole/s 
0 .0 
0.5 
1.0 
1.5 
2 .0 
2 .5 
3 .0 
?-^ h.O 
0.^0 
0.^5 
0 . ^ 
0.50 
0.53 
0.55 
0.58 
0.63 
0..65 
58.1+ 
"^2.^ 
46 .2 
^ 1 . 5 
36.8 
32.2 
28.6 
25.7 
22.6 
8^.7 
82 .2 
8 1 . 0 
79 .8 
77.9 
.76.5 
75 .2 
73 .3 
72 .2 
-22 .7 
- 2 7 . ^ 
- 3 2 . 0 
- 3 5 . ^ 
- 3 9 . 0 
-I4-2.2 
- ¥ f . 5 
-If 5.8 
-lf7.2 
217.5 
212.4 
207.6 
202.4 
200.0 
196.3 
188.5 
181.0 
178.2 
1»+.78 
1^.8if 
15.09 
15.29 
15.13 
15.13 
15.5+5 
15.61 
15.57 
Vide F igures 13 ,1^ ,15 
TABLS-
- -
Time 
h r " 
0 .0 
0 .5 
1.0 
1.5 
2 .0 
2 . 5 -
3 .0 
?-5 
h,o 
•24: Vaa 
( 0 . 
..._At 
Conduct 
mhos X 
0.1+5 
0.1+9 
0.51 
0.56 
0.58 
0.61 
0.66 
0.69 
0.73 
.ues c 
.1M/0. 
25°C 
.ance 
10^ 
Df Various Parameters fo r Dif fus ion of CaCl^ 
.001M).Through F e r r i c Molybdate Membrane 
(+0 .1 
\ b s 
mV 
59.1 
52.8 
^7.7 
^ 3 . 3 
38.1 
35.1 
31 .0 
27.1 
23 .3 
C) . 
• \ ^ 
mV 
86.6 
8H-.3 
83 .0 
81.6 
80.1 
78.9 
7 6 . 5 
75^5 
73 .2 
\ 
mV 
-2lf.9 
-30 .1 
- 3 3 . 5 
- 3 6 . 5 
-If 0 .0 
- ^ 2 . 1 
-44v5 
-1+7.0 
-if8.9 
\ 
ohm 
215.5 
210.0 
205.1+ 
200.5 
197.5 
19^.0 
185.2 
182.0 
175.3 
dQ/dt X 10^ 
m i l l i m o l e / s 
15.30 
15.^6 
I5.6lf 
15.80 
15.76 
15.81 
15.99 
16.03 
16.03 
Vide F igures 1 3 , l 4 , l 5 
ro 
P 
12 I 
0 1 2 3 4 5 
TIME(hr) 
Fig. 15 
Plois C(j cCiffvcsion raie oj CaCli eiec-LrotLftt aoaimst 
time -/hroufi^ jeriic moiubdcde, meTyihram a-i yayious 
icmbercCtuyes, 
> 
J 
< 
h 
Z 
UJ 
O 
a 
Ui 
Z 
«^ 
Q: 
£ 
Ui 
Z 
TIME M 
Fig. 7^  
^9^U Cl^ cCifftreo'it icwberatures -/hrouM. -ft 
Tfioiubdait mewhycLne 
6771C 
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TABLS-a*^; Values of Various Parameters fo r Diffusion of CaGl2 
( 0.1M/0.001M)^Through F e r r i c Molybdate Membrane 
At 30^C ( + 0 . 1 ° C ) . 
Time 
h r 
Conductance 
mhos X 10 
E 
'obs 
mV mV 
\ \ ciQ/dt X 10^ 
mV ohm m i l l i m o l e / s 
0 .0 
0 . 5 
1.0 
1.5 
2 .0 
2 . 5 
3 . 0 
?'^ k-.o 
oM 
0.53 
0 .5^ 
0.60 
. .0.63 
0.65 
0.68 
0.71 
0.76 
58.7 
52.0 
^ 7 . 2 
i+1,6 
3 7 . ^ 
33 .3 
31 .0 
27.2 
23.1 
91 .1 
89 .6 
88.1 
86.7 
8^.1 
8M-.0 
82 .8 
8 1 . ^ 
7 9 . 2 
- 2 7 . 5 
-32 .6 
- 3 6 . 0 
-39 .9 
- ^ 2 . 5 
- ^ 5 . 0 
- ^ 6 . 5 
-if 8 .2 
- 5 0 . 0 
2llf.O 
207.5 
202.6 
197.7 
195.0 
192.^ 
181.5 
17^.0 
170.5 
16.26 
16.65 
16.83 
17.0^ 
16.97 
17.13 
17.69 
17.91 
17.91 
Vide F igures 13,1^ ,15 
TABLE-26; Values of Various Parameters for Dif fus ion of MgClp 
(0.1M/0.001M)^Through F e r r i c Molybdate Membrane 
At lo^c (+o.rc). 
Time 
h r 
Conductance 
mhos X 10 
E bbs 
mV 
E^ + 
mV 
m 
mV 
B^ dQ/dt X 10^ 
ohm m i l l i m o l e / s 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3 .0 
?'^ h.o -
0.36 
0.39 
0.^0 
0.^5 
O.h? 
0.51 
0.53 
0.60 
-0.62 
70.1 
6lf.o 
59.3 
53.0 
lf8.6 
W . 5 
^0.7 
35.5 
32.3 
86.3 
8^.7 
83.2 
81.5 
80.1 
78.If 
77.1 
7^.9 
73.6 
-12.3 
-16.6 
-20.0 
-2lf .5 
-27.5 
-30.0 
-33.1 
-35.7 
-37.8 
2^6.3 
238.5 
231.0 
225.9 
220.3 
2l i f .9 
210.1 
202.5 
193.^ 
12.85 
13.2^ 
13.60 
13.77 
13.98 
1^.09 
1^.23 
iif.36 
1^.79 
Vide F igures 16,17,18 
0 J ^ 2 ^ 
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TABIiE:-271 Values of Various Parameters for Diffusion of MgClg 
(0.1M/0.001M)_Through Ferr ic Molybdate Membrane 
At 150c (+o.rc). 
' 7 
Time Conductance E^^^ Eg+ E^ B^ dQ/dt x 10' 
h r mhos x 10 mV mV mV ohm mil l imole/s 
0.0 0.39 68.5 89.5 -15.2 2if^.5 13.5V 
0.5 0.^3 61,7 86.9 -19.7 235.9 13.8V 
1.0 0.V5 5^'5 85.5 -23.5 228.3 1V.22 
1.5 0.50 50.9 83.7 -27.5 223.9 IV.3V 
2.0 0.51 V7.V 82.2 -30.1 217.6 IV.57 
2.5 0.56 V2.5 80.6 -33.0 212.5 1V.68 
3.0 0.60 37.2 78.1 -35.6 201.7 15.03 
3.5 0.62 3V.0 77.3 -37.8 192.0 15.6V 
V.o 0.63 30.V 76.5 -Vo.O 18V.9 16.07 
Vide Figures 16,17,18 
T.ABIiS-28; Values of Various Parameters for Diffusion of MgClp 
(0.1M/0.001M)^Through Fer r ic Molybdate Membrane 
at 20^0 (+0.1 C). 
Time Conductance E^^^ E^+ E^ R^ dQ/dt x 10^ 
hr mhos x 10~^  mV mV mV ohm mil l imole /s 
90.2 -17.3 2V2.3 13.86 
88.2 -22.0 232.5 IV.33 
87.5 -25.0 225.0 i v . 8 r 
86.1 -30.0 220.1 15.05 
85.6 -32.5 2llf.O 15.V5 
8^.2 -35.0 210.3 15.51 
81.9 -37.6 205.1 15.51 
80.0 -V0.5 200.3 15.52 
79.0 -V2.1f 197.5 15.53 
0.0 
0,^ 
1.0 
1.5 
2.0 
2.5 
3.0 
,3-5 
V.O 
0.V1 
0.V6 
O.V7 
0.50 
0.52 
0.53 
0.58 
0.61 
0.62 
67.8 
61.V 
57.6 
50.0 
V6.7 
V3.3 
38.9 
3V.2 
29.5 
Vide Figures 16,17,18 
X 
ul 
< 
DC 
Z 
o 
3 
LL 
P 
12 h 
0 
T IME (hi) 
Fig.' '^ 
/^ /o2^ oj J>r a^acTJSl- time JOJ N^C/^ ai Uijfe.rent 
•ierr>heyaiityes ihfovi^^ jcnic mcLijbcLait ivtrmhrome. 
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TAB LEU 29; Values of Various Parameters for Diffus ion of MgCl2 
(0.1M/0.001M)-Through F e r r i c Molybdate Membrane 
At 25^C ( + G . r C ) . 
Time 
h r 
0 . 0 
0.5 
1.0 
1.5 
2 . 0 
2 . 5 
3 . 0 
?'^ h,o 
Conduct 
mhos X 
oM 
0 . 5 0 
0 . 5 2 
0 . 5 ^ 
0 .57 
0 . 6 l 
0 . 6 3 
0 .67 
0 . 7 ^ 
ance 
10^ 
^ o h s 
mV 
^7.5 
5 9 . 8 
55^5 
^ 9 . 9 
^ . 1 
^ 1 . 7 
3 7 . 3 
3 2 . ^ 
2 8 . 8 
^ • ^ 
mV 
9 2 . 8 
9 0 . ^ 
8 9 . 0 
8 8 . 5 
8 6 . 7 
8^ .7 
8 3 . 0 
8 1 . 9 
7 9 . 6 
\ \ <iQ/dt X 10' 
mV ohm m i l l i m o l e / s 
-18.6 
-2lf .5 
- 2 7 . ^ 
-32 .7 
- 3 5 . 0 
- 3 7 . 8 
- ^ 0 . 5 
- ^ 3 . 6 
-if6.o 
2 ^ 0 . 2 
2 3 0 . 6 
2 2 3 . 0 
2 1 7 . 5 
2 1 0 . 0 
2 0 5 . 0 
1 9 8 . 2 
187 .6 
1 8 1 . 5 
1^.1+2 
1^.88 
15 .26 
15.69 
15 .98 
1 6 . 0 5 
16.27 
16 .93 
16 .98 
Vide F igures 16,17,18 
TABLE-3Q; Values of Vsirious Parameters fo r Diffus ion of MgClo 
(0.1M/0.001M) Through F e r r i c Molybdate Membrane 
At 300c ( 4 0 . r C ) . 
Time 
h r 
Conductance E 
3 
mhos X 10 
'obs 
mV 
^ c ^ 
mV 
m 
mV 
B^ dQ/dt X 10'^ , 
ohm m i l l i m o l e / s 
0 . 0 
0 . 5 
1.0 
1.5 
2 . 0 
2 . 5 
3 . 0 
?'^ h,0 
0 .51 
0 . 5 ^ 
0 .56 
• 0 . 6 2 
0 .66 
0 , 6 8 
0 .71 
0.7^+ 
0 .78 
6 7 . 1 
6 1 . 1 
55.^ 
i f8 .2 
¥ f . 2 
^ 0 . 3 
3 6 . 8 
3 1 . 5 
2 7 . 1 
9 3 . 3 
9 2 . 1 
9 0 . 8 
8 7 . 9 
8 5 . 7 
8 3 . 9 
8 2 . 2 
8 0 . 5 
7 9 . 1 
- 2 0 . 1 
- 2 5 . 0 
- 3 0 . 1 
- 3 5 . 0 
- 3 7 . 5 
- ^ 0 . 0 
- l f2 .6 
- ^ 6 . 1 
- ^ 9 . 1 
2 3 6 . 2 
2 2 7 . 6 
2 2 0 . 0 
2 l l f .9 
2 0 7 . 5 
2 0 2 . 5 
1 9 3 . ^ 
1 8 5 . 0 
1 8 0 . 5 
1^.81 
15 .36 
1 5 . 8 ^ 
1 5 . 8 3 
16.2^-
I 6 i 1 1 
1 6 . 5 0 
17 .01 
16 .91 
Vide F igures 16,17,18 
T I M E ( h r ) 
Rg.79 
PLois oj TveTvbrane. f)o{e7iiiai aaaoTist iimejor 
MQa^oct different ~te7r)be7attc^yes-//ircuat -ferric 
wolybdate, omeTDbrane^ 
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TABLE-
Time 
hr 
0 .0 
0 .5 
1.0 
1.5 
2 . 0 
2 . 5 
3 .0 
3.5 
^ . 0 
•31 : Values < 
( 0 . 
At 
Conduct 
mhos X 
0.52 
0.56 
0.58 
0 .6 l 
0 .65 
0.70 
0.72 
0,7h 
0.78 
.1M/0 
lO^C 
;ance 
10^ 
Df Variou 
.OOIM)^ 
( 4 0 . 1 ° 
^obs 
mV 
51.6 
^7^5 
Mf.5 
lfO.8 
36.5 
31.5 
27.9 
23 .5 
19 .^ 
s Parameters fo r Diffu 
Through 
C) • 
3e+ 
mV 
7 9 . 2 
78.5 
77.9 
77 .0 
75 .2 
7^ .3 
72.9 
72 .1 
70 .6 
F e r r i c Molybdate 
m 
mV 
- 2 0 . 0 
- 2 2 . 3 
-2lf .5 
- 2 7 . 5 
- 3 0 . 6 
-33.6 
-36.5 
-39.5 
-^2.5 
\ 
ohm 
283.2 
277.5 
272.0 
266 .5 
261.4 
255.0 
2i+5.2 
237.0 
227 .5 
sion of AlClo 
Membrane 
dQ/dt X 10 
m i l l i m o l e / s 
8.31 
8.52 
8.73 
8.95 
9.05 
9.31 
9 .63 
9.98 
10.30 
Vide F igu re s 19,20,21 
TABLS-32; Values of Various Parameters for Diffus ion of AlCl^ 
(0.1M/0.001M)„Through F e r r i c Molybdate Membrane ' -^  
At 15°C ( + 0 . r c ) . 
Time Conductance E^^^ E^+ E^ R^ dQ/dt x lO'^  
hr mhos x 10 mV ' mV mV ohm m i l l i m o l e / s 
0 .0 
0 .5 
1.0 
1.5 
2 . 0 
2 . 5 
3 . 0 
?-5 h.O 
0.53 
0.57 
0.59 
0.6lf 
0.67 
0.72 
0.76 
0.77 
0.81 
51.2 
48.5 
Mf.9 
39.7 
3^.9 
30.5 
26.6 
22.9 
17.8 
81.0 
80.2 
79.4 
76,5 
75*9 
75.1 
7^.3 
72.8 
71.0 
-21.1 
-23.0 
-25.9 
-29.5 
-32 . ^ 
-35.5 
-38.5 
-^1.3 
-If 5.0 
279.0 
274-. 5 
269.4 
263.4 
259.0 
250.5 
240.0 
231.6 
225.0 
8.66 
8.81 
9.03 
9.29 
9.30 
9.63 
10.07 
10.35 
10.53 
Vide F igures 19,20,21 
2.90 
2 3 
TIME ihv) 
Fig. 20 
P^is oj f^w aoaCvst 'icmt Joy ^K^b at c^cfferent 
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TABLE-33; .Values of Various pa ramete r s f o r Diffus ion of AlGl^ 
(0.1M/0.001M) Through F e r r i c Molybdate. Membrane -' 
At 20 c c+o.rc). 
7 
Time Conductance E^^^ - E^+ ^ B^ dQ/dt x 10^ 
h r mhos x 1 0 mV mV mV ohm . m i l l i m o l e / s 
0 .0 
0.^ 
1.0 
1.5 
2 . 0 
2.5 
3 . 0 
,3 -^ 
^ . 0 
0.56 
0 .6o 
0.62 
0.65 
0.6q 
0 .7^ 
0.76 
0.81 
0.83 
. 5 2 . 5 
^8 .1 
^3 .8 
39 A 
35 .3 
30.8 
27.1 
22 .0 
17.9 
81.9 
80 .3 
78 .8 
76 .6 
75'^ 
72 .8 
72 .1 
7 0 . 2 
6 9 . 5 
- 2 2 . 0 
- 2 5 . 0 
- 2 8 . 5 
- 3 1 . ^ 
- 3 ^ A 
- 3 7 . 0 
- 4 0 . 0 
- ^ 3 . 1 
-if 6 . 5 
277 .5 
, 277.0 
267.1 
261.0 
252 .5 
2lf5.0 
236.2 
227.5 
222.0 
8.83 
9 .00 
9 .15 
9 .26 
9.56 
9 .65 
10.02 
10.26 
10.52 
Vide F igures 19,20,21 
TAB LB-3^: Values of Various Parameters for Dif fus ion of AlGl^ 
(0.1M/0.00lM)_Through F e r r i c Molybdate Membrane -^  
At 25°C (+0 .1°G) . 
Tine Conductance B^^^ E^+ E^ B^ dQ/dt x 10' 
h r mhos x 10 mV mV mV ohm m i l l i m o l e / s 
0.0 
0 .5 
1.0 
1.5 
2 .0 
2 .5 
3 .0 
?'^ h.O 
0,6h 
0.68 
0.71 
0.73 
0.76 
0.81 
0.82 
0.86 
0.88 
5V.8 
50.!+ 
^5.9 
^O.M-
36.2 
33.0 
28.6 
25.1 
21.if 
83.^ 
82.0 
80.if 
79.5 
77.6 
76 .2 
7^-9 
73.5 
72.2 
- 2 3 . 5 
- 2 6 . 5 
- 3 0 . 0 
-33 .6 
- 3 7 . 0 
-39.5 
-4-3.0 
^h5.h 
- i f 8 .5 
276.1 
271.0 
26 5.If 
259.0 
251.0 
2if1.2 
232.0 
225.1 
219.0 
9.09 
9.26 
9 .^3 
9 .72 
9.95 
10.28 
10.6if 
10.88 
11.08 
Vide F igures 19,20,21 
UJ 
h 
< 
o 
u. 
O 8 
0 1 2 3 Z, 5 
TIME Chr) 
Fig. 2/ 
Plois oj ^T aqainst iirr?e Jor AICI^ at clijferent -/eTypf^-
erafures -ihrouQfx -/eiric moLubdcitt Tveynbrave-
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TABLB;~3?; Values of Various Parameters for Diffusion of AlGlo 
(0.1M/0,001M)^Through Ferric Molybdate Memtirane -^  
At 30°C (+0.1°C). 
7 
Time Conductance E^^^ E^+ E^^ R dQ/dt x 10^  
hr • mhos x 10 mV mV mV ohm millimole/s 
9.60 
9.81 
10.01 
10.22 
10.62 
10.77 
11.15 
11.29 
19,20,21 
0 .0 
0 . 5 
1.0 
1.5 
2 . 0 
2 . 5 
3.0 
?'^ k,o 
Vide 
0.68 
0.70 
0.76 
0.79 
0.83 
0.8^ 
0.89 
0.92 
0.96 
Figures 
53.7 
I4-9.9 
^3.8 
39.6 
3^.8 
31.0 
26.8 
22.7 
19.0 
8^.9 
83.1 
81.6 
80.1 
•78.2 
77.3 
7^.^ 
73.8 
72.2 
-25.9 
-28.9 
-32.5 
-35.6 
-39.0 
-^2 .1 
-^5 .0 
-1+8.5 
-51.3 
27^.1 
267.5 
261 . ^ 
255.0 
2^9.6 
238.5 
229.6 
221.9 
216.3. 
1-36 
132. 
1-2S 
1-2/, 
LU 
o 
- 1-20 
116 
112 
LiCI 
NQCl 
O 
KCI 
3-30 3-35 3-^0 3'A5 
(l /T) Xlo\o,^-j 
Fig. 22 
3-50 3.55 
Plots 0/ lo^ Eyr, V5 0/r)x)d^ -for vconaus electrolytes cut 
cLiJfe.ytrri ikTriperatures ihyoix^ Silver Chloride. 
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TjffiLE-36A: Values of membrane p o t e n t i a l E^^ membrane 
r e s i s t a n c e % and d i f fus ion r a t e , Dp of v a r i o u s 
e l e c t r o l y t e s a t t he end of 2 h r . p e r i o d s a t 
d i f f e r e n t t empera tu re s through S i lve r cailoride 
membrane. 
E l e c t r o l y t e s 
KCl 
NaCl 
L i CI 
Temp.°C 
10 
15 
20 
25 
30 
10 
15 
20 
25 
30 . 
10 
15 
20 
25 
30 
\ ( m V ) 
15.67 
15.31 
1 5 . 1 ^ 
l^-.^-6 
1I+.13 
19.86 
18.97 
18.62 
18.16 
17.38 
22.59 
21.88 
2l.i i-8 
20.89 
20.^2 
Vohm) 
190.5 
18^.5 
182.8 
177.1 
173.8 
199.5 
.195.0 
187.1 
187.2 
182.0 
256 .^ 
239.9 
2 3 ^ . ^ 
229.1 
218.8 
D^( m i l l i m o l e / s) 
X 10^ 
2 .3^ 
2.39 
2 .^5 
2.70 
2.88 
2.06 
2.11 
2.16 
2 .3^ 
2.39 
1.66 
1.75 
1.88 
1.93 
2.08 
1-281 
1-27 
1-26 
oi 1-25 
o 
12^ 
1-25 
1-22 
3'30 3.35 3.i,o 3.45 3.50 355 
C"/T) X10^C«K)^ 
Fig. 25 
Plots oj io^ E^Tf) vs {,\/r)K\^jor\ayLOUS electrolytes 
ai clijje rent ie mberaiu res ihroua/^ Si her jjhosjjhate. 
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TABLE-36B ; Values of membrane p o t e n t i a l ELj , membrane 
r e s i s t a n c e % and d i f fus ion r a ^ e Dp of v a r i o u s 
e l e c t r o l y t e s a t . t h e end of 2 h r p e r i o d s a t d i f fe ren 
t empera tu res through S i lve r Chlor ide membrane. 
E l e c t r o l y t e s Temp. C 
(+0.1°C) 
E^ j(mV) H^(ohm) D (millimole/s 
X 10^ 
Bad, 
CaCl, 
MgCl2 
AlCl-
10 
15 
20 
25 
3 0 . 
10 
15 
20 
25 
30 
10 
15 
20 
25 
30 
1 0 . 
15 
20 
25 • 
3.0 ... 
- 37 .32 
-38 .51 
- ^ 0 . 0 8 
- ^ 2 . ^ 1 
-^3 .21 
-21 .58 
-22 .18 
-2^-.20 
-25 .08 
-25 .91 
-21 .73 
-22 .07 
-2 i f . l8 
- 2 5 , 1 5 
- 2 6 . 2 0 
-5^.38 
-56.55 
-58.37 
-60 .32 
- 6 1 . 2 5 
217.2 
2l»+.7 
21-1 ,h 
209.7 
201.8 
1^1.9 
1^0.3 
137.2 
136.1 
13^.3 
161.2 
158.8 
157.3 
155.9 
153 .8 ' 
263.7 
261.3 
259.2 
257.1 
253.7 
1.18 
1.31 
1.38 
1.65 
1.77 
1.67 
1.73 
1.82 
1.9^ 
2.11 
1.79 
1.88 
1.90 
1.93 
2.18 
0.96 
0.97 
. 0.98 
0.99 
0.99 
1-^ 5 
1-Ao 
^^^V\L\ 
1-55 
1-50 
-2 |.2S IMOCI 
•20 
1-15 
3'30 3-35 3Ao 3-^5 3-50 3-55 
Fig. 2.^ 
PloU oj lo^ Ern V5 C'/T)X|O^-for \arious elecfroiyfes 
ai dijjertvt iemberatuyes ihroaal Sr/ver turiQitafe. 
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TABLE-37A: Values of membrane p o t e n t i a l 1^ , membrane 
r e s i s t a n c e E(ji, and d i f fus ion r a t e Dp of v a r i o u s 
e l e c t r o l y t e s a t t h e end of 2 h r p e r i o d s a t d i f f e r e n t 
t empera tu re s through s i l v e r phosphate membrane. 
E l e c t r o l y t e s Temp.°C 
(+0.1°C) 
\imY) V^^) D (mi l l amo le / s) 
X 10 
KCl 
NaCl 
Li CI 
10 
15 
20 
25 
30 
10 
15 
20 
25 
30 
10 
15 
20 
25 
30 
16 .87 
. 16 .71 
16.69 
16.71+ 
16 .52 
18 .07 
1 7 . 9 5 
1 7 . 8 6 
1 7 . 8 6 
17 .66 
18 .28 
18 .11 
17.99 
17 .88 
1 7 . 7 ^ 
187.9 
1 8 2 . 0 
181 .1 
1 7 8 . 0 
1 7 1 . ^ 
2 0 0 . ^ 
1 9 9 . 5 
195 .9 
1 9 1 . ^ 
1 8 6 . 2 
2 ^ 5 . 5 
3 3 3 . 3 
2 2 9 . 1 
2 2 5 . 3 
2 1 3 . 8 
2 . 5 1 
2 .57 
2 . 6 0 
2 .69 
2 . 8 1 
.2.27 
2 . 3 0 
2 . 3 ^ 
2 .37 
2 . ^ 6 
2.Xh 
2 . 0 8 
2 . 0 8 
2.C^ 
2 . 1 6 
2kl 
2-38 
l'l>k 
E 
QC 230 
_o 
2-26 
2-22 
218 
A 
A 
J U 
3-30 3-35 3-Ao 3A5 3-50 3-55* 
(VT)MO^C''Kr 
Fig.25 
/V<3/!f 0-f toa ^w V5 C'/TJx/c?^7 various elechol^tes o i 
di-ffere-ni {ewberaticres iA/cua^ Silver Chloride. 
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TABLS-37B: Values of membrane p o t e n t i a l E- , membrane 
r e s i s t a n c e % and d i f fu s ion r a t e Dr of v a r i o u s 
e l e c t r o l y t e s at t h e end of 2 k r p e r i o d s at d i f f e r e n t 
t empera tu re s through s i l v e r phosphate membrane. 
E l e c t r o l y t e s Temp. C 
(+0.1°G) 
E^(mV) 
m ' 
R (ohm) D ( m i l l i m o l e / s ) 
X 10 
B a d . 
CaCl, 
MgCl, 
AlCl-
10 
15 
20 
25 
30 
10 
15 
20 
25 
30 
10 
15 
20 
25 
30 
10 
15 
20 
25 
30 
-39.35 
^0 .72 
- ^ 2 . 1 5 
-Mf .3^ 
- lf5.2l 
- 2 2 ! l 3 
-23 A 3 ^ 
-25 .23 
-26 .72 
-27 .20 
-2lf.72 ' 
-25.2lf 
- 2 7 . ^ 3 
-29 .32 
-31 .23 . 
- 56 .13 
-57 .08 
- 5 8 . 2 5 
-60.1+if 
-60 .87 
217.2 
216.0 
21^.7 
212.1 
210 .^ 
1^5.3 
lMf.8 
1^3.7 
1^2.0 
1^0.1 
172.7 
171.6 
169.7 
165.3 
160.0 
273.7 
272.3 
270.8 
269 .^ 
261.6 
1.31 
1.38 
1.^7 
1.57 
2.71 
1.58 
1.66 
1.69 
1.73 
1.77 
1.62 
1.69 
1.73 
1.79 
1.90 
0.88 
0.89 
0 .90 
0.91 
0.93 
2-^1 r 
1-38 ^ 
2-3^ 
of 2-30 
o 
2-26 
2Z2 
Z\& 
Ltd 
530 355 3ko 3L,5 350 355 
Fig. 16 
Plots 0/ 6 a Xw MS ( I/T) XIO yor various e/ectrotyfe 
a^ dijfferevt temberatuYes JhyaugA S'lher bhosjjhaii^ 
GO 
TABLB-^SA: Values membrane p o t e n t i a l E^ , membrane 
r e s i s t a n c e % and d i f fu s ion r a t e Dp of V a r i o u s 
e l e c t r o l y t e s a t t h e end of 2 h r p e r i o d s a t d i f f e r en t 
t empera tu res through s i l v e r t u n g s t a t e membrane. 
E l e c t r o l y t e s Temp.°G 
(+0.1°C) 
S (^m?> \ U ^ > B (xai l l imole / z) 
X 10 
KCl 
NaCl 
LiCl 
10 
15 
20 
25 
30 . 
10 
15 
20 
25 
30 
10 
15 
20 
25 
30 
l i f .06 
13.80 
13.^-9 
13.20 
13.18 
l8 .8 i f 
18.20 
17.78 
17.G^ 
16.22 
26.30 
2^.55 
23.99 
23.76 
22.39 
161.if 
158.5 
1 5 1 . ^ 
1^-9.0 
1^1.9 
195.0 
188.1+ 
186.2 
186.1 
177.0 
237.1 
226.5 
216.3 
216,0 
206.5 
2.66 
2.69 
2.81 
2.96 
2.16 
18.2 
1,86 
1.90 
2.09 
2.11 
1.66 
1.67 
1.73 
1.77 
1.88 
2'kl r 
258 L 
li^y 
DC 2-30 I-
2 26 [• 
2-22 
2-Jfl 
A 
-NQCl 
3-30 3-35 3/^ 0 3^5 350 3-55 
Fjg.27 
/^M 0 / ley ^7r) vs C^/r) y^lo^-^oY various e/echolyies 
ai difjznmi terr)heyatuYes-/hYoay< Sihev tuvjstak. 
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TAB IE-38B : Values of membrane po t en t i a l iLj , membrane 
res i s tance B^ and diffusion r a t e Dj. of various 
e l e c t r o l y t e s at the end of 2 hr per iods at different 
temperatures through s i lve r tungs ta te membrane. 
E l e c t r o l y t e s 
BaCl2 
CaCl^ 
MgCl2 
AIGI3 
-
Temp.^C 
. (+0 .1°C) 
10 
15 
20 
25 
30 
10 
15 
20 
.25 
30 
10 
^5 
20 
25 
30 
10 
15 
20 
25 
30 
\ ( n i V ) 
-27 .17 
-28 .27 
-30 .36 
-32 .78 
- 3 3 . 0 5 
-18 .08 
-18 .53 
-19 .56 
-21.57 
-22 .36 
-15 .87 
-16 .23 
-18 .32 
- 2 0 . 0 
-20 .93 
-^7 .27 
-^-8.88 
-51 .38 
- 5 3 . 0 5 
- 5 5 . 7 3 
I^(ohm) 
198.6 
196.2 
19^.7 
193 .^ 
189.2 
112.l^-
111.2 
109.3 
107.7 
10^.3 
1^0.0 
138.2 
137.5 
13^*2 
130.7 
2h9.8 
2hS,7 
2^7.3 
2Mf.O 
2^1.7 
.Dj.( m i i l i m o l e / s) 
X 10 
1.18 
1.31 
1.38 
1.56 
1.77 
1.67 
1.77 
1.82 
2 . 1 ^ 
2 .15 
1.75 
1.88 
1.97 
2.01 
2.21 
0.92 
0.93 
0 .93 
0.9if 
0 .95 
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RESULTS AND DISCUSSION 
The t r a n s p o r t phenomena are of ten d e s c r i b e d by 
some extended form of Nerns t -P lanck f l u x equa t i ons ( ^ ) . 
Eva lua t ion of f lows r e q u i r e s i n t e g r a t i o n of t h e s e f l u x 
equa t ions under s u i t a b l e boundary c o n d i t i o n s governing 
t h e behaviour of membrane system. K i t t e l b e r g e r (1) from 
the simple laws of e l e c t r o l y s i s , developed E q . 1 : 
dQ 
-it -^ 1 X h^\ ^ 
z z 
4. -
HE T ^ 2 „ 
+ 1 
0> 
^ 
JL 
2* 
z^ + z 
. . . ( 1 ) 
Where the te rms have t h e i r u s u a l meaning. The term 
+ — 
E, 
m (RT/F) : i j i (a2/ap + 
Z 
( ^ 
z^+z 
) 
i s t he ca t ion t r a n s p o r t number expressed i n te rms of 
observed membrane p o t e n t i a l E when e l e c t r o l y t e s o l u t i o n s 
of a c t i v i t y a^ and ap e x i s t on e i t h e r side of t h e membrane, 
The term 
[CRT/Z^^F) i n ( a 2 / a ^ ) - E^l 
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i s the effect ive po ten t i a l act ing on the ca t ion . 
The emf measured across the membrane using the J-
type Ag-AgCl electrode i s made up of two components. The 
f i r s t i s the electrode p o t e n t i a l difference Eg due to the 
Ag-AgCa. e lect rodes ex is t ing in two chloride solut ions of 
di f ferent a c t i v i t y a. and a^ , and the second i s due to 
the membrane po ten t i a l E a r i s ing across the membrane due 
to flow of e l ec t ro ly t e through i t . Eg i s given by Eq.2: 
Eg = (Rr/Z_F) Iji (C2T2/C-,Tl) (2) 
•Where the 'Ys are the a c t i v i t y coef f ic ien ts of the e l e c t r o -
ly t e so lu t ions . Since Z_ i s always uni ty and C.'Y-j C -^^ ) 
and C2'Y2 ^^2^ ^^^ known, Eg can be computed. As (Eg .+E^) 
i s measured d i r e c t l y , E can be evaluated by subst rac t ion. 
The changes in membrane r e s i s t ance , R against time for 
various e l e c t r o l y t e s diffusing through f e r r i c molybdate 
membrane at d i f ferent temperatures are shown in Figures 
2, 5, 8,11,1 -^, 17, and 20, while the changes in membrane 
po ten t i a l E^ with time at d i f ferent temperatures are shown 
in Figures 1, >+, 7, 10, 13, I6 and 19 for 1:1, 2 : 1 , and 
3:1 e l e c t r o l y t e s . And the changes in E and R at d i f f e -
rent temperatures for the other membranes are shown in 
Figures 22-27. At any given time, the membrane res i s tance 
R increases in the order KCl ^ N a d ^ LiCl for 1:1 
e l e c t r o l y t e s , and BaCl2 <^  CaCl2 ^MgCl2 for 2:1 
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e l e c t r o l y t e s ; 3:1 e l ec t ro ly te produces the highest value 
for I^. , 
E values for the various e l e c t r o l y t e s d isplay a very i n t e r e s -
t ing phenomenon, in case of 1:1 e l e c t r o l y t e s , t h e values are a l l 
pos i t ive ( d i l u t e solution side C^  taken as pos i t i ve ) , i nd i ca t i ng 
therelay tha t the membrane i s c a t i on - se l ec t i ve . In ease of 2:1 
and 3:1 e l e c t r o l y t e s , E changes sign, as shovm in Figures 28-31 
for a l l the membranes. This means tha t the membrane has become 
an ion-se lec t ive . This change in the s e l e c t i v i t y character of the 
membrane i s evident ly due to adsorption of mult ivalent ions l ea -
ding to a s ta te where a net pos i t ive charge i s l e f t on the mem-
brane surface making i t anion se l ec t ive . Adsorption of Al-^ '*' 
makes the membrane more anion-select ive than i t i s with the 
adsorption of e i ther divalent ca t ions . Such behaviour seems to 
be a common phenomenon observed with a number of other systems. 
For example, Rosenberg et a l . (5) found in the case of thorium 
counterions, negative eleetroosmotic t ranspor t of water. The ion 
was so strongly adsorbed on a cation-exchange membrane tha t i t 
conferred anion s e l e c t i v i t y to the membrane and thus water was 
t ransfer red in the oppositg^; d i rec t ion , i . e . to the anode 
chamber ins tead of the normal flow which moves in to the cathode 
chamber in the ease of monovalent cat ions and cation exchange 
membrane ( 6 ) . 
Similarly, Schulz (7) and Hersh (8) found in the case of 
sodium diphosphate, adsorption of the diphosphate anion on 
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the surface of the anion exchange membrane, permplex 
A-1G0. This reversed the charge on the membrane and also 
the d i rec t ion of electroosmotic flow of water. The surface 
charge reversa l occurred in every one of the membranes and 
e l ec t ro ly t e s 2:1 and 3:1 used in this" study and can be seen 
in the r e s u l t s given in Tables 1-35, in which E^ j^  and l^ 
values are reproduced. 
With the help of Eq.1 , the r a t e a t which various 
e l ec t ro ly t e s diffuse through the membranes can be calcula-
t ed . For 1:1 e l e c t r o l y t e , ( z = Z_ = 1), Eq. 1 becomes: 
dQ_^  / dt = dQ^ / dt = dQ / dt 
^ \ 
59.16 log ^ 2 _ 2 _ - E ; „ 
J \~ 
E_ 
m .^1 
59.16 log G2y2 
^'n "Z^ ) i^Ti 
. . . (3) 
For 2:1 e l e c t r o l y t e , ( z = 2 and Z_ = 1), i t becomes: 
dQ^ / dt = dQ__ / dt = d'Q / dt 
3FRm 
29.58 log ^ . E ^ \ +1 
59.16 l o g C ^ ^ ) 
1 Ti 
. . . . c^) 
For 3:1 e l e c t r o l y t e , (2^ = 3 and Z = 1), i t becomes: 
dQ^ / dt = dQ_ / 3cit = dQ / dt 
^ 
C2T; 19.72 log -^^^ 
^iTi 
- E„ 
m 
\ 
59.16 l o g ( ~ ^ ) 
. . . C5) 
+1 
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The e l ec t ro ly te f luxes dQ/dt, i . e . Dr calculated from Eqs .3-5 . 
for various e l ec t ro ly t e s at 25°G are given in Tables '+,9,1^,'19> 
2^,29,3^,36,37 and 38. The changes in Dr with time at different 
temperatures are shown in Figures 3,6,9,12,15,18 & 21. for 
f e r r i c molybdate membrane. The diffusion r a t e derived from the 
e lec t rometr ica l ly or conductometrically determined changes in 
the sa l t doncentration of the t e s t solution C. i s cal led the 
observed diffusion r a t e , while the values computed from the 
measured concentration po ten t i a l and e l ec t ro ly t e res i s tance of 
the membrane, i . e . , from Eqs. 3-5, i s designated computed diff-
usion r a t e . In Figure 33 i s shown the computed and observed 
diffusion r a t e s of KCl, NaCl, Li01, for f e r r i c molybdate membrane, 
For. comparison the r a t e s of diffusion of hydrochloric acid 
through poly (Vinyl butyra l ) membranes obtained by Ki t te lberger 
( 1) are also shown in Figure 32. I t i s found that in both the 
cases the agreement i s quite s a t i s f ac to ry . The above method 
of diffusion r a t e evaluation vrtiich i s based on Nernst-Planck 
flux equation i s ra ther a simple one. Other techniques described 
by Newman (9) and by Snyrl and Newman (10) which begin with the 
Stefan-Maxwell t ranspor t equations are ava i lab le , but they are 
not widely applicable to our system. The Nernst-Planck equation 
on \^ ich Eq.l i s based can be applied to parchment membranes 
very s a t i s f a c t o r i l y . Similar type of equations based on Nernst-
Planck flux equations have been used by Teore l l for the study 
of e l e c t r o l y t i c t ranspor t through gas t r i c mucosal membranes (11) 
which in some formal aspect behave l i ke parchment membranes. 
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TABLE-^-3: Values derived for diffusion coefficients of 
various electrolytes through ferric molybdate 
membrane at 25°C (+O.IOG). 
Electrolytes 
KCl 
NaCl 
Li CI 
BaCl2 
GaCl2 
MgCl^ 
jacio 
D^ X 10^ 
Cm ^/Sec 
3.21 
2.2^ 
1.89 
1.11 
1.78 
1.33 
0.28 
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The diffusion experiments at the same time provided a 
method for calcula t ion of Diffusion Coefficients D^ , of the 
e l e c t r o l y t e . Giric and Graydon (12) have suggested Eq, 6. 
D^ = ( VL/2A) [ ]J1 C ACQ / A C )^ / A t ] . . . (6) 
Where L i s membrane thickness ( C>TO , A i s the membrane area 
( Qm), V i s the volume of the half c e l l (125 ml), and A C^  
i s the difference in concentration of the diffusing species 
between half c e l l at aero time and A C^ . = differences in 
concentration of diffusing species between half c e l l s at 
time t , t being the time in minutes. 
P lo t s of In ( d C / AG^ ) against t gave s t ra ight l i n e s 
and are shown in Figure 3*+ from which the values of diffu-
sion coeff ic ients are calculated and are given in Table 39-^18»^ 
The diffusion of the e l ec t ro ly t e through the membrane i s 
slower than in the free so lu t ion . Moreover, the order does 
not remain the same due to various following reasons: 
( a ) Only a part of the frame work i s avai lable for free 
diffusion; 
(b) the diffusion paths in the membrane phase are more 
tor tuous and therefore longer ( i . e . the t o r t u o s i t y f a c t o r ) ; 
( c) the large hydrated ions in the narrow mesh region of 
the membrane may be impeded in t h e i r mobil i ty by the frame 
work; and 
( d) i n t e r ac t i ons of the diffusing species vdth fixed 
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groups occur on the membrane matr ix . Parchment paper, 
except for the presence of some s t ray and carboxylic end 
groups, contains very few groups. Deposition of the inor-
ganic p r e c i p i t a t e s gives r i s e to a net negat ive charge on 
the membrane surface in the case of 1;1 e l ec t ro ly t e leading 
to the type of ionic d i s t r i bu t ion associated with the 
e l e c t r i c a l double l ayer . However, as discussed e a r l i e r , 
use of 2:1 or 3:1 e l ec t ro ly t e leaves a net pos i t ive charge 
on the membrane and again r e s u l t s in the formation of the 
e l e c t r i c a l double l ayer . The system inves t iga ted i s consi-
dered as having charged r i g i d cap i l l a ry s t ruc tu res or gels 
which can be judged in the l i g h t of c l a s s i c a l fixed charge 
theory of Teorel l (13) , Meyer and Sievers (1^ ) , Sollner (15-
17), Gregor (18,19) Schmid (20) and Hel l f r ich (21) . Flow 
of e l ec t ro ly te by diffusion because of the presence of a 
net charge (-Ve or ^VQ) on the membrane gives r i s e to the 
membrane po t en t i a l as opposed to the l iqu id junction poten-
t i a l o rd ina r i ly observed under similar condit ions in the 
absence of the membrane, which regu la tes the flow of e lec -
troljrbe by increasing the speed of the slow moving ion and 
also by decreasing the speed of the f a s t e r moving ion . This 
regula ted r a t e of flow ( i . e . diffusion) measured for diff-
erent e l ec t ro ly t e s through a l l the membranes follows the 
sequence K"^  > Na+ > Li"*' and Ba^+ > Ca^+ > Mg^ "^  y Al^+ . 
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The membrane shows preference to one counter ion 
over the o ther . This r e s u l t s in se lect ive ion exchange 
and in di f ferent diffusion r a t e s of e l ec t ro ly t e having the 
same co-ion but d i f ferent counter i ons . According to 
Gregor (18,19) an ion exchanger discr iminates amongst var-
ious counter ions on the ba s i s of t h e i r hydrated s ize . 
Eisenman (22,23) has shovm tha t the s e l e c t i v i t y depends 
upon the energet ics of hydration and ion s i t e i n t e r a c t i o n . 
For ion-exchangers with fixed groupings having weak f i e ld 
strength the s e l e c t i v i t y sequence i s governed by the diff-
erences in the hydration energies of the counter i ons . In 
such cases the normal s e l e c t i v i t y sequence K'*'> Na y Li"*" 
should r e s u l t . On the other hand for the ion exchangers 
with the charged grouping having high f i e l d s trength the 
s e l e c t i v i t y sequence i s governed by the crys ta l lographlc 
r a d i i of the counter i ons . In such cases the s e l e c t i v i t y 
sequence Li"^ > Na"^  > K"^  should r e s u l t . On the bas i s of 
Eisenman-3ierry model of f i e l d strength (22-25) , the 
diffusion r a t e sequence obtained in our case point towards 
the weak f i e ld strength of the charged groups on the 
membrane matr ix . These f indings are in f u l l agreement with 
our r e s u l t s of membrane charge dens i ty which were found 
to be low (given in next chap te r ) . 
According to Gregor» s theory of ion s e l e c t i v i t y 
( 18,19), of the exchangeable cat ions the one with the 
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smaller hydrated radius will be preferred "by the exchanger. 
Depending on the size and electrical charge pattern of a 
pore, it may either admit or repel a solute particle. This 
is the basis of ion selectivity and applies equally to 
material in a thin sheet (a membrane) or in bulk ( an ion 
exchanger). It has been proposed by Mullins (26) that the 
hydration of the materials of the pores themselves may 
provide a favourable water environment for particular ions 
or molecules, so that they slip into the pores away from 
their previous water molecules. According to Mullins' s 
argument, this could result in selection of a particular 
size with discrimination against both smaller and larger 
hydrated ions. However, it is more general to regard the 
state of hydration as being in a dynamic condition so that 
of 
a f ract ion of the number of a given k ind^par t ic les in the 
solution has a reduced hydration corresponding to excess 
energy A E per mole according to Bolt2mann d i s t r i bu t i on 
f = exp. r ( - ^E/HT) I . To obtain a quant i ta t ive r e l a -
t ion between the case of penetrat ion and the ion size i t 
w i l l be necessary to know the e l e c t r o s t a t i c force which 
ac t s between the ions and the mate r ia l s of the membrane, 
since t h i s force provides energy equal to A E to displace 
water of hydrat ion. Eisenman et a l . (22-25) have pointed 
out tha t the rank order of ease of penetra t ion of univalent 
cat ions w i l l depend on the energy avai lable from the ion-
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f ixed charge i n t e r a c t i o n . 
A simplified theory of s e l e c t i v i t y for the four a lkal ine 
ear ths (Mg •*", Ca "^ , Sr "*', and Ba "*) in a cation-exchange mem-
brane with univalent negat ively charge s i t e s has been worked 
out by 3 ier ry (25) along the l i n e s of Eisenman's treatment for 
a lka l i ca t ions . Specif ic i ty i s considered to depend upon the 
values of two parameters: the f i e l d strength of the anionic 
s i t e s and the distance between adjacent s i t e s . Speci f ic i ty i s 
determined, as in Eisenman* s model, by the difference between 
free energy of hydration of a lkal ine ear th ca t ions and t h e i r 
coulombic energies of in te rac t ion with the negat ively charged 
s i t e s , very weak s i t e s yielding no s p e c i f i c i t i e s in the order 
of the hydrated r a d i i of the cat ions at any s i t e spacing and 
very strong s i t e s yielding the sequence of the nonhydrated r a d i i 
u n t i l large s i t e spacings are reached. Sherry' s model p red ic t s 
tha t out of 2k- sequences obtainable by permutations of the four 
a lkal ine ear ths , only seven should ac tua l ly be observed as 
o o o 
s e l e c t i v i t y sequence, the two extreme ones being Ba '^^Ca •*">Mg "*" 
o o o 
for low f i e l d strength group and Mg "*" S Ca "•" ^ Ba "*• for high 
f i e l d s t rength . On the ba s i s of Eisenman-3aerry theory, the 
diffusion r a t e sequence obtained in our case point towards the 
weak f i e l d strength of the charge groups of the membranes inves-
t i g a t e d . These f indings are in complete agreement with our r e s u l t s 
of membrane charge-density measurements which were found to be low 
The in t e rp re t a t ion of the r e s u l t s of the diffusion r a t e s tudies 
can be discussed in terms of ionic s izes , solvat ion, mobi l i t i e s , 
adsorption proper t ies and other thermodynamic p roper t i e s . The 
theory put forward by Gregor (18,19) in r e l a t i o n to the ion ic 
s e l e c t i v i t y depends l a rge ly on the use of hydrated ion ic volume.As 
75 
our discussion i s dependant upon ionic hydrat ion, i t seems 
necessary to mention some concept of ionic hydration as 
applied to membrane phenomena. Levlne and Bel l (27) have 
considered the region of water surrounding an ion complex. 
I t s formation and breaking would be accompanied by substan-
c i a l free energy and entropy changes. Stern and Amis (28) 
a. 
considered tha t ions may possess solvition sheaths of water 
molecules •'bounded" to give d i s t i n c t molecular species . 
Stokes and Robinson (29) have given the number of bound 
molecules (K) in t h i s hydration she l l by the in t e rac t ion of 
ions and surrounding water molecules. This number i s not 
the same as the conventional number of water molecules in 
the f i r s t layer around the ion, i t i s ra ther a number 
introduced to allow for the average effect of a l l ion 
solvent i n t e r a c t i o n . 
The following table gives the number »N' and a° , where a 
i s the mean distance of approach in Angstrom u n i t s 
Elec t ro ly te 
Li CI 
Naca. 
KCl 
MgCl2 
CaCl2 
BaCl2 
«N« 
7.1 
3.5 
1.9 
13.7 
12.0 
7,7 
a°(A°) 
^.32 
3.97 
3.63 
5.02 
^•7^ hM 
I t i s quite probable that the pores of the membrane 
may have such a size tha t they allow some of the hydrated 
(QJT. diekdric Coinsici'^t 
fig.35 
Plots oj 7)7 acjahnst dJ i^frcUleciyic Covshni^dh hijdycdio-n 
and d'h iqeeckve Y^rou^i-ferric-moiybdatt -werytbra/m. 
8-0 
7-0 
> 
I 60 
1 
X 
A-o 
2*0 
do 
na 
60 
5-0 
3-0- ^ 0 
3 0 
2 0 
_J U 
0.1 009 0.06 0.0/:/ 002. 
Viydratedioyj/c volume 
80 
7-0 
6-0 
5-0 
06 ti< 2.2 
hea t of hydraiio-M (forCurveS.^ 
0.25 0.25 0.27 
(;for Curve 1^ 
-fufUiaied i^nic volume ihvcaf, Jernc7r)cly6clak7nembiQm. 
76 
sheaths, along vrith the ions to pass through. However, in 
Figures 35,^3^; plots of hydration numbers and the hydrated 
ionic volume vs Diffusion rates Df show that Li'"*" having the 
highest value has the lowest Dr value. The plots of Dr vs 
heats of hydration of the individual ions are shown in 
Figure 36. 
Noyes (30) while dealing with the thermodynamics of 
ion hydration as a measure of the effective dielectric 
properties of water, has regarded the thermodynamic charges 
during hydration as a measure of the effective dielectric 
properties of solvent and shows that ("effective "^ ^ p'^ ima-
rily a function of, the size (cryst alio graphic radii) of 
such a cation and is virtually independent of charge on it. 
As, during the diffusion process, adsorb ability and polara-
zability play an important part which will certainly 
influence and thereby diminish the effective hydration [^ the 
higher ad sorb ability) of Li""*' , Na"^  , K* are linked closely . 
with their stepwise stronger polarizabilities and, hence, 
effective hydration is diminished to a large extent (15-17)} 
it would be quite logical to relate the effective dielectric 
constant with diffusion rate Dr. The plotsof ^effective vs 
Dr are shown in Figure 35. The plot;; of Z/a° {aP being 
the mean distance of approach of ions defined by Earned 
and Owen (31)] against diffusion rate, Dr is shown in 
Figure 36 through ferric molybdate membrane. 
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Saluja and Bockris (32,3^) gaw.e the fol loving three 
models for the environment near the ion : 
( i ) In the c l a s s i ca l model of Bernal and Fowler (35) j^C.f. 
Eley and Evans (36 ) ] , an assignment of four coordinating 
water molecules was made, the ca lcu la t ions of the heat and 
entropy of hydration were made upon t h i s b a s i s . 
Ci i ) Frank and Wen (37) introduced a "two layer model" for 
the solvated ions , f i r s t layer consis t ing of "immobilized" 
water molecules, and the second layer a "Structure-broken" 
r e gion. 
( i i i ) A th i rd model was expressed by Bockris and Reddy 
(3^) [c . f . Bockris (33) , Samoilov (38) , Conway et a l . ( 3 9 -
^0) .1 In i t two kinds of water are in the f i r s t layer 
around the ion ( and a structure-broken reg ion) , about a 
monolayer th ick , included . The coordination number C^ 
i s the t o t a l number of water molecules which are in contact 
with ion . iinother number ex i s t s the number of water ' 
molecules vrfiich remain associated with the ion during i t s 
movement through the so lu t ion . This i s the solvation ( or 
hydration) number. Usually, the solvation number (S^j) w i l l 
be l e s s than the coordination number (CU). Solvated water 
are p a r t s of the coordination sheath. With ^very small 
ions , the £jj and the C^ tend to be the. same. With >very 
large ions , the S^ tends to be zero. 
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however i s connected in terms of i t s energet ics ra ther 
than . in terms of hydrated ionic radius or volume. Elect ro-
s t a t i c i n t e r ac t i ons are regarded as the primary cause of 
diffusion. Eisenman's theory (22-25) takes in to account: 
( i ) e l e c t r o s t a t i c i n t e r ac t i ons between the fixed groupings 
and the ion, ( i i ) the free energies required to remove from 
(or arrange around) the fixed grouping and the counterion 
as many, water molecules as are necessary to permit the 
contact (or close approach) of the fixed grouping and the 
counterionst, Such free energies would he c lose ly r e l a t e d i f 
not ac tua l ly proport ional to the standard free energies of 
the fixed group and the eounterion. Rosseinsky (^1) , while 
discussing the electrode po t en t i a l s and hydration energies 
has given comparative values of various thermodynamic 
beeyi 
parameters which have/reproduced in Figures 37-39. These 
include (Figure 37) ( i ) the p a r t i a l molal volume V, ( i i ) 
conductance "X , ( i i i ) S ° Q ^ - 3 / 2 R In M, ( i v ) - A F ^ free 
energy change of aqueous ion iza t ion , and (v) A Fj^  standard 
free energy change of hydrat ion. From Figure 37 i t i s 
quite evident tha t Mg*"^  has the sna l les t value while Ba '•' 
has the highest one. I t would be quite worthwhile to r e l a t e 
the thermodynamic proper t i es l ike ionic free energy, heat 
•:" capacity and free energy of hydration to the diffusion 
r a t e . Dr. The p lo t s of Dr against a l l these thermodynamic 
proper t ies are shown in Figures 38, 39 for f e r r i c molybdate 
350 3-6o 
Fig. iio 
Puts oj LooDr aaac/nsi: (^i/y) )(.i^ Jor yarious dect?olytes 
at dcfjeyervi temb^ratures -/hrou^ Jerric mnoiubclais. 
meTfibyCLTtn. 
-5-5 r 
-5-6 
-SI 
u-3; 
-5.9 
-6-0 
-61 
t 
c7; 
-6-2 I-KCI 
»63 
2 NQO 
Slid 
U BaCiz 
5Xac\z 
6Mgc l2 
7 AICI3 
3-30 3Ao 350 360 
^/otJ 0 / ^^2V VS (^/T)xic?ybr various eleclyol^fes HWrou^ h 
J/'/ver Chloride YYteYnbYane at d»-f^ crenV 4€>wberatures. 
-5-7 
-5-8 
-5-9 
-&o 
-SSiir 
•5-58 
t 
5-61 
en 
-2 -5-64 
^ 
1-6-oi 
-6oZ, 
4-6-oS 
6-06 
t 
1.KC) 
2 NaCI 
5 Li CI 
Z,. e>QCli 
?. CaClz 
7- AICI3 
- i ' 
0-3) 3-30 3-50 3-60 
3 - - ' 
3-^0 
0/T)x|d'C°K) 
Fig. z:i2 
Plo-^s Qj toy Pr vs CW i^lo joy yarCous elecholytes ai <i\jf^r^r\f 
-5-60 
CI-3) 
T - 6 0 0 
4-601 
-602 
- 6 0 3 
1. KCI 
2-Natl 
3-Lid 
5' CaC\i. 
6MQClr 
7- Atc\3, 
3-50 3.60 
-1 
3-30 3-Ao 
CI/T) X^O' C°K) 
/^ /df-f oy Z^ ^ i)y v^  C '^r) XIO^JOY Yarious elec-frotyfes 
ai oUjfereni -tzynherd-vcrts ihroual SilveY tu/masMt 
79 
membrane. 
The diffusion r a t e Dr have "been calculated at 
various temperatures and p lo t t ed against 1/T as showi in 
Figures ^O-H-3 for a l l the membranes from which the values 
of energy of ac t iva t ion E^ were obtained and. are given in 
Tables^0-^3. From the diffusion r a t e s tudies , the cor res-
ponding diffusion coefficient D^ have also been calculated 
using the expression 
Dr. = D^ ( A / L ) A c (7) 
Where A and L are the area of cross section and average 
thickness of the membrane, r e spec t ive ly . A C i s the con-
centra t ion change on the two sides of the membrane. The 
theory of absolute react ion r a t e s (^2-M+) has been applied 
to diffusion processes in membranes by several inves t iga to rs 
including Zwolinski et a l , (4-5), 3iuler et a l . ('+6,1+7), 
Barrer et a l . ( W ) , Tien and Ting (^9) , and Stein (5o) e t c . 
Applying t h i s theory to these membranes the various 
thermodynamic ac t iva t ion parameters namely c. ' ' ';:" :." 
. A H''^  , AS^ , and A F^ tiave been . calculated 
using the following equat ions: 
A H ^ = E^ - RT (8) 
^c = '^ ( T ^ > ^^P- C •^-) exp. (- ^ - ) C9) 
A F^ = A H ^ - T AS'^ (10) 
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Vfhere K i s the Boltzmann constant, h i s the Planck constant, 
and 'X i s the average distance between equilibrium pos i t ions 
in the diffusion process . Zwolinski et a l , (^5) , Laidler 
and a iuler (^6,^-7), Tien and Ting (^9) , and Barrer and 
Skirrow (^8) have used values ranging from 1 to 5 A for "X . 
In the present s tudies , a value of 3A has been used in the 
ca lcu la t ions . The values of various thermodynamic parameters 
so derived are given in Tables U-0-^3 for a l l the membranes. 
The values of A S"^  obtained by Barrer C ^ ) , Siuler (^6,^-7), 
and Tien and Ting (^9) are given in Table kh. I t i s quite 
evident from t h i s t ab le the values of A S^ are e i the r 
pos i t ive or nega t ive . There are few values which are closer 
to zero and correspond to l iqu id system. According to 
Eyring et a l . .{hZ-k^) the values of A S^ ind ica te the 
mechanism of flow: large pos i t ive A ST i s i n t e rp re t ed to 
r e f l ec t breakage of bonds while low values ind ica te tha t 
diffusion has taken place without breaking of bonds. Negative 
A s'^  values are considered to indica te e i the r a eovalent 
bond i s formed between the permeating species and the 
membrane mater ia l or tha t the permeation through the mem-
brane may not be r a t e determining s tep . On the contrary, 
Barrer (^8) has developed the concept of "zone ac t iva t ion" 
and applied i t to the permeation of gases through Polymer 
membranes. According to t h i s zone hypothesis, a high A S''^ . 
which has been corre la ted with high energy of ac t iva t ion 
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TABLE~i4f; Thermodynamic Parameters A ^ for Permeation 
of Various Substances Through Di f f e ren t Systems. 
Diffus ion system 
Dif fus ing 
spec i e s Medium AS^, e.u, Reference 
Water 
phenol 
Phenol 
Bromine 
Mannitol 
H2 
N2 
AT 
" 2 
AT 
H2 
Ar 
H2 
H2 
N2 
O2 
He 
AT 
H2 
He 
Sucrose 
Lactose 
Mannitol 
Raffino se 
H20( sucrose) 
so lu t ion 
Water 
Methyl a l coho l 
Benzene 
C^2^^^ 
CSp 
Water 
B u t a d i e n e - a c r y l o n i t r i l e 
membrane 
B u t a d i e n e - a c r y l o n i t r i l e 
membrane 
Butadiene-methyl meth-
a c r y l a t e membrane 
Butadiene-methyl meth-
a c r y l a t e membrane 
Bu tad iene -po lys ty rene 
membrane 
Bu tad iene -po lys ty rene 
membrane 
Neoprene membrane 
Neoprene membrane 
Neoprene membrane 
Ghloroprene membrane 
S i l i cone rubber mem-
brane ( s h e e t ) 
S i l i cone rubber mem-
brane ( s h e e t ) 
S i l i cone rubber mem-
brane ( s h e e t ) 
S i l i cone rubber mem-
brane ( s h e e t ) 
S i l i cone rubber mem-
brane ( s h e e t ) 
Glass membrane 
Glass membrane 
Collodion membrane 
Collodion membrane 
Collodion membrane 
Collodion membrane 
Collodion membrane 
9.5 'X=3A° 
1.3 
1.3 
0 
16,0 
^h.7 
15.3 
13A 
7.8 
9.3 
12.^ 
16.7 
16.2 
15.3 J 
- 3 . ^ * 
-5 .0 
-6 .3 
- ^ .9 
•17.1 
17.1 
22.2 
16.8 
23.^ 
19.1 
21.8 
{5%'X =1A° 
(H-3A8) 
"X =1A° and 
>:.10-''^Cm2 
(^8 ) 
( i f 6 ) 
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Diffusion system 
Diffus ion 
spec ie s Medium . u . Reference 
HgO 
H20CEndo-
smosis) 
Propionamide 
Butyr amide 
N o n e l e c t r o l y t e 
( g l y c e r o l , 
g l y c o l s , 
t h i o u r e a ) 
n-Hexadecane l i q u i d - 0 . 2 
Hexamethyl te t racosane 
l i q u i d 1.9 
Po lye thy lene membrane 28.'+ 
Polypropylene membrane 35.8 
Lip id b i l a y e r membrane - 1 ^ . 8 
( oxi di zed chole s t e r o l ) 
Arbacia eggs ( u n f e r t i - 3.16 
l i zed) 
Arbacia eggs ( u n f e r t i - 3^ 
l i z e d ) 
Arbacia eggs ( u n f e r t i - ^0 
l i z e d ) 
Oxerythrocyte membrane 3.7 
(52) 
C53) 
(h9) 
C^5),^ =5A* 
(51) 
o 
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for diffusion, means e i the r the existance of a large zone 
of ac t ivat ion or the revers ib le loosening of the more chain 
segments of the membrane. A lou> A y , then means e i the r 
a anal l zone of ac t iva t ion or no loosening of membrane 
s t ructure on permeation . In view of these differences in 
the i n t e rp re t a t i on of A S''^ , Siuler et a l (^6,lf7), who 
found negative A S''^  for sugar permeation through collodion 
membranes, have s tated tha t " i t would probably be correct 
t o in t e rp re t the small negative values of A S''^  mechanically , 
as i n t e r s t i t i a l permeation of the membrane (minimum chain 
loosening) with p a r t i a l immobilization in the membrane 
(smal l zone of d i so rder )" . On the other hand, Tien and 
Ting (^ +9) who found negative A S*"^  values for the permeation 
of water through very th in ( 50A° thickness) b i layer membranes, 
s t ressed the p o s s i b i l i t y tha t the membrane may not be r a t e -
determining s tep . Based on addi t ional data, they came to 
the conclusion tha t the solution membrane in te r face was the '-
r a t e - l i m i t i n g step for permeation. 
The present study (TablesJ+O-'+S) ind ica tes tha t 
e l ec t ro ly te permeation gives r i s e to negative values of 
^ U , the magnitude of which depends on the value chosen 
for the distance 'X between equilibrium pos i t ions during 
diffusion. Since the membranes used in t h i s study are 
f a i r l y th ick as compared to b i l a y e r s , i t i s bel ieved tha t 
the membrane and not the solution-membrane in te r face 
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cont ro l s the e l ec t ro ly t e diffusion process . The negative 
values of A S^, therefore , as suggested by 3:iuler et a l . 
(^6,if7), ind ica te e l ec t ro ly t e diffusion with p a r t i a l immo-
b i l i z a t i o n in the membrane, the p a r t i a l immobility increa-
sing in a r e l a t i v e manner with increase in the valence of 
ions cons t i tu t ing the e l e c t r o l y t e . In Figures Mf-lf7 the 
indiv idual ionic contribution to the p roper t i e s of aqueous 
ions given by Noyes (30) , namely, ^Hj^ydration ' ^ Vc i ra t ion* 
and A %y(iration °^ "^^ '*" » ^^ "*" » ^^'^ ^^ ^® p lo t t ed against 
corresponding A E^ , A F^, and A^ values for diffusion 
through the membranes. I t was found tha t at l e a s t some 
formal r e l a t ionsh ip ex i s t s between these thermodynamic 
parameters. 
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CHAPTER - I I 
EVALUATION OF MSKBRAI^ E FIXED 
CHARGE DENSITY 
gu K) 
I N T R Q D U G T I O H 
The po ten t i a l s ar is ing across membranes when they 
separate two e l ec t ro l j ^e solut ions may be cal led membrane 
p o t e n t i a l s . I t may a r i se as a diffusion po t en t i a l across the 
membrane due t o differences in the mob i l i t i e s of the ions . 
There are also other ways in which a po t en t i a l might ar ise 
across the membrane. The simplest way i s to have i t a r i se as 
an ohmic p o t e n t i a l drop by passing e l e c t r i c current from an 
external source of emf through the system compartment 1 -
membrane-compartment 2. Another way would be to have i t a r i se 
as s t a t i c po t en t i a l by adding to one of the compartments some 
charged species tha t cannot pass through the membrane. This 
i s the Gibbs-Donnan system ( 1-2). If the membrane has no 
fixed charges, the membrane p o t e n t i a l would be equivalent to 
a diffusion p o t e n t i a l . As a r e s u l t , the in t eg ra t ion of the 
Nernst-Planck flux equation (3) carr ied out by Planck ( ^ ) , 
Johnson ( 5 ) , P l e i j e l ( 6 ) , Behn ( 7 ) , and Schlogl (8) become 
appl icable . On the other hand, i f the membrane ca r r i e s some 
fixed charges, a net Donnan po t en t i a l in addit ion to a diffu-
sion po t en t i a l cons t i tu tes the membrane p o t e n t i a l . These 
concepts were formulated simultaneously by Teore l l ( 9 ) , and 
Meyer and Sievers (10) by construct ing a c e l l of the type. 
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Ag-AgCa. 
x=o 
C) 
Solution 
1 
X=L 
Membrane 
C") 
Solution 
Donnan Donnan 
Po ten t i a l Po ten t i a l 
t t 
Diffu sion 
Po ten t i a l 
Ag-AgCl 
[A] 
The t o t a l membrane po t en t i a l combined with the 
electrode po t en t i a l of the refrence electrode given by 
^ ef # - in ^ ir 
gave the emf of the membrane, 
/ n ti 
E = ^ 3JI 1 ^ 4^  - ^ C A V - A v ! ' ) + u ^ 
In X« {u + (UQ^)* 
• — — — • ' • • • I ^ ^ -
which can be wri t ten as 
E = l ^ l n f;x{.wu4¥} 
- ^ C A V - A v l ' ) + u KC .[^ 
X' {ff •>• (1 + Q^)*} 
X [U + (1 4 Q'")^] 
-/ 
CD 
( 2 ) 
(3) 
91 
where 
% = 
a- ~ 
2 
xt-
2 
• • 
2 -h-
- 1 + C 1 + Q ) ^  
— > 
• 
C^ ) 
(5) 
Experimentally measureable quan t i t i e s in Eq 3 are X ( the 
fixed charge dens i ty of the membrane) and Q. EvBn than X' 
and X" as measured in separate experiments (equil ibrium) may 
not be r e l a t ed to ac tua l values at the in t e r f aces of the 
membrane, "V" and exp (AV/RT ) are not determinable without 
making snma.assumptions. 
Teorel l ( 9 ) , and Meyer and Sievers (10) assumed a l l 
single ion a c t i v i t y coeff ic ients to be uni ty , the pressure-
volume terra to be neg l ig ib le , and X to remain constant at a l l 
values of the ex terna l e l ec t ro ly t e concentra t ions . The 
impl i f ica t ion of these assumptions have been discussed by 
H i l l e t a l . ( 1 1 ) . 
Kobatake et a l . (12-21) assumed in the der ivat ion of 
membrane po t en t i a l equation tha t the a c t i v i t i e s , a ,and a , 
of ions in the membrane are represented by a = G .and 
a = G where G i s the concentration of negative ion species. 
Kobatake et a l . (13-21) also suggested 
C 
l ( C + ^ J 
(6) 
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where ' Y l » and 'Y_ are the ca t ionic and anionic a c t i v i t y 
coeff ic ients in the memhrane .Considering a negat ively 
ionizahle membrane immersed in an uni-univalent e l ec t ro ly t e 
solut ion, at equilibrium the following r e l a t i o n i s obtained 
(Co)^ = (a^ )^ (a_)^ (7) 
where Co is the equilibrium concentration of the electrolyte 
solution ( in mole/I ) in the outer and (a ). , and (a_). 
are the activities of positive and negative ions in the 
membrane phase. It has already been assumed that the outer 
electrolyte solution behaves ideally and 
(C„)i = (G)^ (8) 
Thus the concentration of the negative ion species in two 
phases becomes identical. Applying Eq 6 to 7 and using the 
Eq.8 , the following relation is obtained 
(0o)2/CC^ )jL Cc_)^ = (c)y [(0)^4^ e] (9) 
Various investigators notably Nagasawa et al, (22-26), Hill 
et al. (27-30), and Gregor et al. (31-35) have evaluated 
the concentration (C )^ and (C ). in ion exchange resins or 
membranes equilibrated with simple electrolyte solutions 
of given concentrations and showed the well applicability of 
a = C and a = C relation which leads to the ideal 
Donnan distribution. With the help of a = c and a = G , 
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the following relation i s obtained 
d^- = _ (^T_) (u - V-) 4. u6 dO, (10) 
^ [(u+v)C_ + ue .^ KFO^] C_ <ix 
where e is the charge density of the membrane. When the 
bulk solutions on both sides of the membrane are vigorously 
stirred, no potential gradient is set up in them, so that 
the desired membrane potential A 0 is obtained by integrating 
d0 over the thickness of the membrane, Kobatake et al.C 13-21) 
dx 
developed the following equation for the membraae potential 
A 0 ^ _ ^ /'\u-v)C_ ^ ue dc 
0 [(u+v)C_ + ue + KFG^ l C_ F 1-7. ~ :: . p . if-^ C^ 1) 
The flows of ions and water molecules in the membrane are 
sufficiently slow so that i t is not unreasonable to assume 
that at the boundaries between the membrane and the outer 
electrolyte solutions, thermodynamic equilibria are established. 
Then Eq 8 holds at either membrane surface where G = G^  at 
X = o , and C__ = 0^  at x = L as the boundary conditions for 
C_ are consist ant with Eq. 11. 
Recently Nagasawa et al . (22-26) developed vaj?ious 
theoretical equations based on thermodynamics of irreversible 
processes for membrane potential. The system considered 
was analogous to that of Kobatake where no electric field i s 
applied externally through the membrane and no net electric 
charge is transported: from one side of the membrane to the 
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other . The membrane p o t e n t i a l a r i s ing on both sides of the 
membrane was taken as the sum'; of the diffusion p o t e n t i a l 
( A 0j) ins ide the membrane and the e l e c t r o s t a t i c p o t e n t i a l 
difference ( A 0g) between the membrane and e l ec t ro ly t e phase 
on both sides of the membrane i . e . 
A 0 = A 0 ^ + A0e C12) 
where 
A 0^  = [( i£ ) ^±_. dx 
\ FGo [(G„+ 0X) UL + C_vl 
RT ( (C + 0X ) U 
" F J T^F — 
•^1 k c + 0x ) u + c 
din a + 
and 
RT f^  C V 
F -:;:; = ~— 
\ k c_ + 0x) li + c_vj 
J- = din a_ (13) 
A 0 , = - # nji ' • ' " (-4-^) ^ ^ ^^  F 
a a 
Where J^ i s the flux of water, 0X i s the ef fec t ive fixed 
charge densi ty and other terms have t h e i r usual s ignif icance. 
The above equation i s applied under two condi t ions, namely 
( i ) when J = o , Eq 12 on in tegra t ion gave 
. A 0 = § 1 1 1 | M | L i L M ^ RT X 
Ci ( CI' + 0X) ^ 
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20X uv C A^  - 1 ^ ) 
(u -.v)2(A^ - Ag) (A^ - f ^ ) 
— » 
C + A. 
C + A 1 
RT 20X uv (Ag - f^ ) ^£Ll^ ) (15) 
and under t h e c o n d i t i o n ( i i ) when J i s s m a l l and 0X J Q « 
2RT CQ V K, t h e n Eq . 15 changed t o 
-A0=|i l„ ^-±M , ffl (fl^-Z,x 2F C'CG"40X) F U -^ V 
1 -
1 -
i^XJ, 
RTGQ C U - V ) K 
I n 0XU ^ ^ ^ ^ J Q 
2RTCQCU+V)K 
jzfxr, 
I n 
o 
2 R T G Q VK 
^ _ T V.JJ ^ ^ ; 
2 R T G Q ( U + V ) K 
RT0X f _ _ , _ o _ _ . 
2 F U . ^ RTC^K ^ 
1 -
0 X J Q (U4.V) 
^ R T C Q UVK 
0XJ, 
2RTGQ VK 
(G" - G« ) 
. . . (16) 
At t h e l i m i t of low c o n c e n t r a t i o n , Eq . 15 b e c o m e s : 
-h 
- A 0 = jT- ( - | — ) ( — ^ r - ) ( c . ^-^ F ^ U4-V ^ A 
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1 - ^ ^ 0 
L HTC^ 
1 _ ^ ^ o 
2RrCQ 
( '° 
RTCQX 
:u-v)K , 
4 
1 
• 
1-
1 -
• 
In cr + 
*• 
BTCfX 
^XJQ (U+V) 1 
M-HTCQ UVK J 
m^ 1 
2RTC^VK 
• « 
C0-- . I) 
. . (17) 
Which is the membrane potential equation. 
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E X P E R I M E N T A L 
Fresh parchment supported membranes of f e r r i c 
moblybdate, f e r r i c vanada te , s i l v e r c h l o r i d e , s i l v e r phosphate 
and s i l v e r t u n g s t a t e were p repared by t h e method a l r e a d y 
desc r ibed i n Chapter I and were used here fo r membrane 
p o t e n t i a l measurements. 
Measurement of Membrane P o t e n t i a l s For The Eva lua t ion of 
Membrane Charge Dens i ty : -
The membrane p o t e n t i a l s were measured through the 
parchment supported f e r r i c vanadate membrane by c o n s t r u c t i n g 
a c e l l of t he fo l lowing type 
Ag-AgCl Solu t ion 
1 
Membrane Solu t ion 
2 
Ag-AgCl 
by keeping the concen t r a t i on r a t i o 1 =(j- = 10 throughout 
^2 
the experiment. The observed membrane potential is the sum 
of the cell potential and the concentration potential. The 
pressure and temperature were also kept constant throughout 
the experiment. Measurements were recorded/when three 
changes in the test solutions, after an apparently constant 
potential had been obtained, did not lead to a potential 
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Yariat ion exceeding +0.2 mV. At l e a s t two membranes were 
u t i l i z e d in each experiment. The measurements of membrane 
po ten t i a l s were also carr ied out with the other four membranes 
at C^/C2 = 10 for various 1:1 e l e c t r o l y t e s at 25°C (+0.1°C). 
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RESULTS AND DISCUSSION 
The va lue s of menibrane p o t e n t i a l s measured ac ross 
f e r r i c vanada te , f e r r i c molybdate, s i l v e r c h l o r i d e , s i l v e r 
phosphate , and s i l v e r t u n g s t a t e parchment supported membranes 
employing v a r i o u s ( 1 : 1 ) e l e c t r o l y t e s are given i n Tables 1^2 
and are p l o t t e d a g a i n s t l og (C-.+C2)/2 for each membrane as 
shovm i n F i g u r e s 1,2. According t o the f ixed charge t h e o r y 
of TMS ( 9 , 1 0 ) , the membrane p o t e n t i a l E i s composed of two 
Donnan p o t e n t i a l s a t the two solution-membrane i n t e r f a c e s 
and a d i f fu s ion p o t e n t i a l a r i s i n g from the unequal concen t ra -
t i o n s of t h e mobile i ons a t t h e two membrane f a c e s . The 
t o t a l membrane p o t e n t i a l at 25°G i s given by ( i n m i l l i v o l t s ) 
Enj=59.l6 l og 
c^(/^c|Tl?~+ X) 
Co ( A?T Tr2 ^ X) 
U log 
Ac^ + x^  + xu 
Aol + X2 ^  XU 
(18) 
Where u = (u-v) / (u+v), u and v are the ca t ion ic and 
anionic mobi l i t i e s in the membrane phase (overbars re fer the 
parameters to the membrane phase) , X i s the ef fec t ive charge 
lOt 
on the membrane expressed in equivalents / litre of imbibed 
solution. In order to determine this for simple case of 
(1:1) electrolyte and membrane carrying a net negative charge 
of unity ( i.e. X = 1) theoretical concentration potential 
values were calculated as a function of C^  , the ratio CVC2 
being kept constant at a value of 10 for the different values 
of the mobility ratio u/v and are given in Table 3. The 
theoretically calculated values of K^ are plotted as a 
function of log ( 1/C^  ) and are showi in Figures 3-^. The 
observed values of membrane potentials given in Table 1 for 
ferric vanadate membrane and KCl electrolyte were plotted in 
the same graph as a function of log (1/C^). The experimental 
curve for ferric vanadate membrane was shifted horizontally 
and ran parallel to one of the theoretical curves. This 
shift is equal to log X and the parallel theoretical curve 
which overlapped gave the value for u/v. The same procedure 
was adopted for the other four membranes with different 
electrolytes and the values of X thus determined for each 
membrane are given in Table h. 
This method gave satisfactory result for the fixed 
charge density evaluation, the values of which are found to 
be low and hence very difficult to determine by the usual 
exchange reaction. This technique has been used by Kumins 
and London (36) to estimate the capacity of thin polymer 
membranes of poly (Vinyl chloride) and poly ( Vin yl acetate). 
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I t has also been used by Baxter (37) to determine the 
charge on Keratin and by Lal^shminarayanaih (38) and Sidd-iqi 
to evaluate the fixed charge on th in parlodion and parchment 
supported membranes (39-50) . 
In a modification of t h i s type of p l o t t i n g Altug 
and Hair (51) have recen t ly developed another procedure for 
the determination of the charge dens i ty which i s also based 
on TMS theory. 
The e s s e n t i a l feature of the o r ig ina l fixed charge 
theory of Teore l l (9) was the assumption tha t the overa l l 
membrane p o t e n t i a l was composed of three p o t e n t i a l jumps: 
two Donnan po t en t i a l s at each solution-membrane in ter face 
(denoted by A^ and A^), and one res id ing inside the membrane, 
the i n t e r n a l p o t e n t i a l or dr iving po t en t i a l denoted by (02"*^1^ 
The overa l l t o t a l membrane po ten t i a l E ^ i s thus given by 
^ca l = ( Ai ^ A2 ) -^C 0 2 - ^ 1 ) ^^9) 
p\ and Ao tis-ve been calculated according t o the r e l a t i o n : 
A^ = - ^ ] j i r^  (20) 
and 
^2 = F ^ "^2 ^2''> 
Where f^ and p^ > ^ ^^ Donnan distribution ratios, are 
determined with the help of the equation 
(22) r = f * (-t-)^  } - (^) 
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Where a i s the external solution concentration. The 
diffusion potential (0^ - 0-i) for uni-univalent electrolyte 
i s given by: 
C02-01) = t ^ ) 1^ In (a2 iv^n^Y/v^) ] 
u and V being the cationic and anionic mobilities in the 
membrane phase. However, in the present calculations, 
these are assumed to be the same as in solution. Owing to 
the practical difficulty of measuring ionic activity in the 
membrane phase, concentrations have been used in place of 
activities, as suggested by Altug and Hair (5l) 
In order to evaluate the fixed charge density of a 
membrane , various values (eg. -o.'+N, -o.lN — etc) were 
given to X and for each value the total membrane potential 
was calculated for different concentrations of KGl using 
the above equations. The curves of total membrane potential 
against concentration were plotted for various X values as 
shown in Figures 6-lo. At the same time, a curve was 
plotted between experimentally determined membrane potential 
values for KCl and the concentrations of KCl. The fixed 
charge density X is then the same as that of the theoretical 
curve which overlaps the experimental curve. 
The values of the Donnan potentials ( ^^ + /fp )> 
the diffusion potential (02 - 0^) and the total membrane 
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p o t e n t i a l E ^j^ for various concentrat ions of KCi ( for 
various values of X ) are given in Tables 5-7» A very good 
agreement between the observed and calculated values of 
membrane po t en t i a l i s observed in the case of K d , thus showing 
tha t the behaviour of f e r r i c vanadate membrane i s c lose ly 
a l l i ed to Teorell*s model. The same procedure was also carr ied 
out with the other four membranes. The values of charge 
dens i ty determined for various membranes are given below for 
K d e l ec t ro ly t e 
Membranes X ( e q u i v , / l ) 
Fe r r i c vanadate 0.03 
Fer r ic Molybdate 0.06 
Silver Chloride 0.03 
Silver phosphate 0.02 
Silver Tungstate 0.02 
Kobatake et a l . (13-21) have obtained various 
expressions for membrane p o t e n t i a l derived on the ba s i s of 
the theiTnodynamics of i r r e v e r s i b l e processes for the e l e c t r i c a l 
po t en t i a l , A 0, which a r i ses between two solut ions of the 
same uni-univaient e l ec t ro ly t e of d i f ferent concentrat ions G^  
and C2 tha t are separated by an (negat ively) ionizable membrane. 
The f i n a l expression for the membrane p o t e n t i a l i s given by 
I l l 
^^ = ' f ["V""^  ^-^' "^V"" ^^^ 
Co +o<fte J 
.o<p, 
where 
^ ^ _E.-_ ( 25) 
^ U+.V 
KFe (>= 1 + f ^ (26) 
0 , i s the therraodynamically effect ive fixed charge densi ty 
in e q u i v a l e n t / l i t e r . (9 i s the same as X given in Tt-IS method) 
u, and V are the molar mob i l i t i e s of +ve and -ve ions , r e s -
pect ively , defined in terms of the mass fixed frame of 
reference, K i s a constant which i s considered to depend on 
the v i scos i ty of the solution and the s t ruc tu ra l d e t a i l s of 
the polymer net work of which the membrane i s composed, R, T, 
and F have t h e i r usual s igni f icance . These parameters have 
been assumed to be independent of sa l t concentration Q^ and 
=1 • 
For the analysis of experimentally determined membrane 
po ten t i a l data, Eq 2^ can be used under two l imi t ing se t s of 
condi t ions: ( i ) when concentration G\ becomes suf f i c ien t ly 
small, (extreme d i lu t e range) Eq.2V can be expanded to give 
where / A 0r / i s the absolute value of reduced po t en t i a l 
defined by 
/ A0r / = ^ ^ (28) 
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Equation 27 ind ica tes tha t the value of (i , and a r e l a t i o n 
between c< and 6 can be obtained by evaluat ing the in te rcep t 
and i n i t i a l slope of a plot for / £i.^r/ against C^.Figures 
11-15 shov p l o t s for / A 0 r / versus C^  in the region of very-
low concentration determined for various e l e c t r o l y t e s with 
various membranes. The values of the i n t e r cep t s for a l l 
e l ec t ro ly t e s were equal to (—i" ) In (r~ from which the values 
P 
of /i were evaluated and are given in Table 10 for various 
membranes, ( i i ) I t i s well known experimentally that at 
fixed 0" the inverse of an apparent t ransference number, i . e . 
t - , for the co-ion species in a negat ive ly charged membrane 
i s proport ional to the inverse of concentration C^  in the 
region of high sa l t concentrat ion. Here t -^^ i s defined by 
app 
the following relation 
/A0r/ = ( 1-2 t-pp ) ina- (29) 
The values derived in this way for t- with different 
"^  app 
e lec t ro ly te -concent ra t ions and for various membranes are 
given in Tables 8f9. 
Subst i tut ing for A 0|r. from Eq, 2^ and expanding the 
r e su l t i ng expression for 1/t^ in powers of l/Cj gives 
_1 _ _ ! ^ ( l 4> f i -2^ f iKo^ - 1) Q.^ (30^ 
% p " C - * ^ 2 (1 -o<)2 i n c r C-, 
This ind ica tes that the in te rcep t for a plot of l / t r against 
a,pp 
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1/C^ at fixed a~ allows the value of *=*< t o be determined. 
P lo ts of ^/t' against ^/0. for various 1:1 e l e c t r o l y t e s 
' app *=• ' 1 
are shovn in Figures l6-20. The values of of thus determined 
are given in Table l o . The values of charge dens i ty ie 9 for 
each membrane have also been evaluated from the equations used 
above for membrane po t en t i a l s as suggested by Kobatake et a l . 
(15-21) and are given in Table 11, 
Test of Val idi ty of Kobatake's Equation to the System of 
Parchment Supported Membranes; 
Comparison can be made between t h e o r e t i c a l and 
experimental data and the a p p l i c a b i l i t y of Kobatake et a l . 
equation to parchment supported membranes can be t e s t ed by 
the following ana ly t i ca l technique suggested by Kobatake. 
Equation 2^ can be rewri t ten as 
o-_ e^ 
® = Z (31) e^ - 1 
with q and Z defined by 
[/ \^0r/ + (1-2o<) I j lO-] 
q = 
_ L 4- ( 1 - 2«C) 
C2 
(32) 
2 -o?pe- ^33) 
Thus i f Eq 2l+ i s valid.'., the values of ( o - - e ^ ) / ( e ^ - 1 ) 
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calculated from measured A 0 and the given value of C~ 
must f a l l on a s t ra igh t l i n e , which has a unit slope and 
passes the coordinate or ig in when p lo t ted against log Z. 
This procedure of p lo t t i ng was adopted with a l l the five mem-
branes and are shown in Figure 21 . Prom the Figure 21 i t 
i s quite evident tha t in each case the l ine passes through 
the or igin with unit slope thereby confirming the applica-
b i l i t y of Kobatake»s equation to these system of membranes. 
A method of charac ter iza t ion of the membrane-
e lec t ro ly te system has been developed by Siddiqi e t a l . (1+6-
50) for parchment supported membranes. Recently a general 
method of character iza t ion applicable to any system i r r e s -
pective of ion species has been developed by Kobatake (15-21) 
which i s applied he re . Consider the present system of 
negat ively charged membrane immersed in an e l ec t ro ly t e solu-
t ion of average concentrationC ( i . e . (C^-fC2)/2l for which 
Donnan equilibrium for small ions ho lds . The mass transference 
number X of anions in the membrane i s given by 
7:=i-o<i^4-l4-l-l„ (3,, 
(If $^ + 1)^ 4(2-<-1) 
where $ and c<' stand for the r e l a t i v e concentration defined 
by G/0X and [u/(u+v)l r e spec t ive ly . (0X i s the same as X 
in TMS method and Altug & Hair method). On the other hand 
the apparent t ransference number of anions in membrane, i . e . 
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t- , is defined from the derived membrane potential by the 
app ' 
Nernst equation 
A^=-Fci-2t,^p, 1. ^ C35) 
The difference between Z" (in Eq.Si^ ) and t- (in Eq.35) 
app 
was l e s s than 2% within a wide range of sa l t concentration 
(18-21) . If X i s replaced by t - , and G by {Q^J^O^/2, 
Eq.3if i s applicable even iA±ien the concentration of the two 
sides of the membrane d i f f e r s . Rearrangement of Eq.3^ leads 
to the following expression 
1 1 - t - - oc' 
( ^^ %1) o<-( 20^-1) (1-Hpp ) 
where p is a measure of permselectivity of the membrane-
electrolyte system. The value of P„ takes a value between 
zero and unity depending on the external salt concentration 
for a given system of a membrane and an electrolyte pair, P 
can be calculated from the data of the membrane potential, 
while the left hand side of Eq.36 is a function of the rela-
tive concentration ^ = C/0X or (C^ -fC2)/2 0X . Thus the 
values of the right hand side should be independent of the 
mobilities of ion species involved. Equation 36 implies that 
the plot of Pg against (l-t^"^ ) " ^ should give a straight 
line of unit slope. 
Another method for the evaluation of the effective 
120 
o 
o 
! 0 
o 
o 
o 
ol 
[o 
o 
H 
O 
S 
CO 
o 
•H 
•P 
-P 
O 
s 
C\J 
o 
O 
1C J^ 
o 
o 
11^ 
o 
o 
I • 
o 
o 
o 
o 
n 
0) 
H 
O 
!H 
•P 
O 
Q) 
H 
( ^ O O t>-
00 O O 1>-
m 1 - ON C\J 
t>. ON 0 0 O 
• • • • 
o o o o 
I i I I 
^O 00 [>- "LTx 
\£) 0 0 0 0 1^ 'N 
• • • • 
o o o o 
C\J ON 1 ^ fM 
\ 0 \ 0 00 ^i^ 
• • • • 
o o o o 
rO T- CM CM 
UN ^ v£) J -
• • • • 
o o o o 
PO J - T- ON 
0-) (V-) CM rO 
• • • • 
o o o o 
H H O 
ri 9 ^ -^  
W S i^ ^ 
OJ O 
& 4 S 
f ^ CJN ON 
00 oo 00 
• * • 
o o o 
r - T— o 
0 0 CO 0 0 
• • • 
o o o 
vO vO UN 
C^ [>- [>-
• • • 
o o o 
!>- 0 0 CN-
\0 \D ^ 
• • • 
o o o 
•<- 0 0 CO 
\0 J- VTN 
• • • 
o o o 
I t 
T - T - CM 
CM (V-) J -
• • • 
o o o 
H O O 
w s ^^  
-p 
O G3 
f-i n5 
u g 
121 
0) 
- p 
H 
o 
u 
- p 
o (U 
H 
(iq 
Q) 
§ 
!H 
^ 
s 
CD s 
m 
D 
O 
•H 
iL, 
,£? 
> 
?H 
O 
fe 
w 
PM • 
01 
>> C 
+:> O 
•^ :;^  
•H n5 
+:> ?H 
O +3 
Q) fi 
H 0 
© O 
w s:: 
g 5 
0) 
P i - p 
a 
O ?-i 
fs4 Q) 
l+H 
^d <;H 
<D -H 
> Q 
•H 
1H - H , (D <ii 
« to 
w s 
0 GJ 
D -P 
H w C!j > , 
> CO 
• • 
n -
1 
S 
EH 
H 
\ 
Q) 
H 
O 
0 
w 
c:; 
o 
•H 
-P 
d 
?H 
-P 
G 
0 
o 
c 8 
T— 
o 
• 
o 
T ^ 
O 
o 
• 
o 
C\J 
CM 
o 
• 
o 
o 
o 
• 
o 
l r \ 
O 
• 
o 
ITN 
o 
o 
• 
o 
r -
• O 
T -
o 
• 
o 
CM 
• 
o 
OJ 
o 
« 
o 
m (D 
^ 
H 
o 
fH 
• p 
O 
0 
H 
M 
to 
0 
^ 
ro 
S 
-± 
o-
• 
o 
CM 
vO 
• 
o 
o 
•UN 
• 
o 
CM 
J -
• 
o 
vO 
f ^ 
• 
o 
H 
o M 
J-
0 0 
• 
o 
CO 
!>• 
• 
o 
l r \ 
r--
• 
o 
m 
vO 
• 
o 
l r \ 
1 ^ 
• 
o 
H 
o 
a 
S 
0) 
t j 
•H 
O 
H 
6 
^ 
^ 
H 
•6^  
o 
CJN 
• rv 
o 
vO 
CO 
• 
o 
l r \ 
CO 
• 
o 
T— 
CO 
• 
o 
vO 
r^  
• 
o 
H 
O 
•H 
f^ 
O 
CO 
« 
o 
vO 
0 0 
• 
o 
CTN 
l > . 
• 
o 
ro 
t > -
• 
o 
rn 
vO 
• 
o 
H 
o J-
W 
^ 
J -
[ > . 
• 
o 
CM 
v£) 
• O 
o 
•UN 
• 
o 
vO 
J -
• 
o 
0 0 
(>n 
• 
o 
H 
o 
w 
J-
co 
« 
o 
CO 
t > . 
• 
o 
l !A 
!>. 
• 
o 
CO 
vO 
• 
o 
O -
l i A 
• 
o 
H 
o 
oi 
s 
0 
- p 
c^ 
ft 
CO 
O 
^ 
PH 
!H 
^ 
H 
• H 
CO 
o 
o 
• 
o 
vO 
CO 
• 
o 
ITN 
CO 
• 
o 
o L-v. 
• 
o 
o 
1>-
• 
o 
H 
O 
•H 
>-^ 
ON 
CO 
« 
o 
vO 
0 0 
• 
o 
o 
t> -
• 
o 
o 
1>-
• 
o 
c^ \ D 
• 
o 
d j -
w 
a 
o CN. 
• 
o 
^ 
vO 
• 
o 
0 0 
J -
• 
o 
CO 
(-0 
• 
o 
OJ 
en 
• 
o 
H 
O 
W 
J-CO 
• 
o 
0 0 
[>-
• 
o 
!>-
v£) 
• O 
rn 
v£) 
• 
o 
I X 
"UN 
• 
o 
H 
o cd 
S 
0 
•P 
ctf 
- P 
CO 
D 
H 
^ 
^ 
15^  
•^ o O (JN 
V • 
o o 
CTN CO 
CO CO 
* • o o 
UN o 
CO t> -
• • 
o o 
T— T— 
0 0 t> -
• • 
o o 
O vD 
tN. vD 
• • 
o o 
H 
H O 
O J -
•H K 
^ S 
m 
' • 
• >^ 
h 
to 1 
o 1 
o , 
I I ' 
X | 
II , 
1 « 
-
CM 
CM 
6^  
il 
1 
o 
U 
CM ^ 
2i: 
I 
10 
I 
o ^ 
«\» 
t? 
1S 
I 
Op 
o 6 6 
fM 
6 
iSi 
u 
X 
• 
i 
• ^ 
• -
''"^ i 
in 
o 1 
O , 
II ' 
X | 
•e-, 
^. 
c o ' 
6' 
I I I 
1 1 
/ 
, 
^^ 
«^ 
<M 
CM 
0> 
U. 
- o 
CM ^ 
c 3 
I 
a 
s 
g 
^ 
? 
I 
o :S 
ii3 
CD 
6 6 6 o 
log CCi+Ci)/a 
0*6 
^ o A 
0-2 
PsroA^S; <J>X= 
Fig. 22 Civ) 
•0035 N 
Ce<l/0 
-1 
lo9(C,+Ci)/2 
-2 -1 
lo5C^i+Ci)/2 
Plots oj ?s aQainst tog C^*-^^^)/! -joy Kci eleciiolyh 
'IhyouaA (C)Sil\/er chhrlcle_,(fC) Silvei t)hosf?hait ^ and 
{e)silyer tuvQstait rr)eimbrar\es. 
122 
CO W 
O Q) 
n O 
a 
I 
E-i 
H 
O 
•:3 
o 
cd 
H O 
CO 
<D 
^ 
H 
O 
?H 
- P 
O 
CD 
H 
W 
T-
co Q) 
^ 
fH 
P 
B 0) 
S 
ON 
m 
o 
vD 
ro O 
o' OJ 
o 
l r \ 
CvJ 
O 
CM 
J-
o 
\ rN 
O 
ITS 
OJ 
O 
OJ 
ro O 
ro 
J -O 
o 
o 
o o 
o 
Q) 
-P 
C d • 
TJ 
^ S H 
O 
o 
•H 
tn 
0 
0 
- P 
Cti 
xJ 
a 1 
o 
•H 
U 
CD 
[i4 
CD 
TZ! 
•H 
f-i 
O 
H 
6 
u 
% 
H 
•d 
0) 
- p 
. cti j:3 
P . 
CO 
O 
f-( 
^ 
H 
S^  
o 
T— 
J-
o 
vD 
O 
O 
ro O 
v£l 
OJ 
O 
V -
ro O 
o 
ro OJ 
O 
XTN 
O 
<M 
J -
O 
ITN 
no O 
o CM 
O 
<D 
1^  
•P 
CO 
M 
a 
EH 
H 
ror 
0-9 
o.d\ 
07 
^ 06 
•^ 0-5 
• — > 
^ 03 
02 
0 1 
oi 
0-2 0-4 0-6 6^^  1-0 
CI / /^N^ ' ) 
^ / - ' ' 
Plots oj heymsetectiMitij Ps aaaivst LU/i+^t^ 
-foy vayioics ymmb7(xnes ijeyyu vannadatt c^)^ jerricTnoli/hdate 
Co ;^ Silver cU/oride i* )j Sifver bhos^haie (^L) and Siiuer 
iuvQ state, (A ) j coiM KCI electro/uk. 
123 
f ixed charge densi ty , 0X, based on perm s e l e c t i v i t y of 
membranes was suggested by Kobatake (15-21) which i s also 
applied here . The various values of P_ were calculated by 
subs t i tu t ing the value of o< (bulk) and t - in Eq.36 (vide 
Tables 12^13) and then p lo t ted against log ( C^  + O^)/^.. A 
curve was thus obtained which i s shown in Figures 22(i-v)^when 
the average concentration c. becomes equal to the effect ive 
fixed charge dens i ty 0X, the value of ^ becomes equal to 
uni ty , i . e . C/0X = 1. Subst i tut ing t h i s value of § = 1 
2-4-
i n t o Pg = ( 1 4 ^ ^ )^ , the value of Pg equal t o O.M+8 i s 
obtained. At t h i s pa r t i cu l a r value of O.M+8, the correspon-
ding concentration i s obtained from the curve P versus log 
G as shown in Figures 22-(f-v) • This value of concentration i s 
equal to the fixed charge dens i ty 0X and i s given in Table 1^+ 
for each membrane-electrolyte systems under i nves t iga t ion . 
2 -^ The p lo t s of P against ( 1 ^ ^ ) were also drawn for a l l 
the five membranes with KCO. e l ec t ro ly t e as shown in Figure 23. 
(jUy, 
I t i s evident that the l ine ipasses through the or ig in with 
unit slope confirming further the a p p l i c a b i l i t y of Kobatake's 
equation to these system of parchment supported membranes. 
The following two approaches have been used for the 
evaluation of t ranspor t number of cat ions (T ) in the membrane 
( i ) Modified Nernstian approach 
( i i ) T.M.S. approach. 
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According to Hersh (52,) and Scatchard {'^^) the emf, ^\ J2I, 
may be expressed by the following relation 
A0 = ^ f- jf{t^ d In a^  + t^ d :JI a^+t^ d In a^) (37) 
where t i s the transference number, a is the activity and 
subscripts C,A, w refer to the cation, anion and water. In 
order to relate the membrane potential, ^ 0, to the physical 
properties of the membrane, the transference numbers must be 
evaluated as functions of the activities of the various perme-
ating species. 
In first approach, there are mainly two assumptions 
one is the use of an average value for the transference number 
in the integration of Eq.37 and the other i s to neglect the 
transference of water. The later quantity i s directly related 
to the hydraulic permeability of membrane and would be expected 
to be much smaller for the membranes under investigation. By 
the use of these assumptions the following relations are given 
by Hersh (^2) 
%=^A = ^ i (38) 
\ = hh (39) 
and 
T^ + T^  = 1 (^0) 
By integrating Eq. 37 the following relation is obtained 
A 0 = ^ (2T_ -1) l n / % ^ 2 ) \ (i^ ^) / U ) N 
^ C 1 ) / 
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Where Z. i s t he va l ence , T i s the average t r a n s p o r t number 
of c a t i o n in the membrane, and a (1 ) and a (2 ) are the mean 
a c t i v i t i e s of t he s a l t i n s o l u t i o n 1 and 2 on e i t h e r s i de s of 
the membrane. Rearrangement of E q A l g ives t h e fo l lowing 
r e l a t i o n 
Where ^ 0 i s t h e measured membrane p o t e n t i a l i n m i l l i v o l t s 
and A 0« i s t h e i d e a l Ne rns t i an p o t e n t i a l . Equat ion h2 was 
used he re for c a l c u l a t i o n of T^ ^ for d i f f e r e n t s o l u t i o n a c t i -
v i t i e s . The va lue s so de r ived for T^ from t h i s Ne rns t i an 
approach are given in Tables 15^16 for each membrane e l e c t r o -
l y t e system. 
Using TMS approach, t h e value of t r a n s p o r t number i s 
given by 
(U / T ) C + C 
Where 
and 
( ^ ) 
W) 
t he va lues of G and C give the c a t i o n i c and an ion i c concen-
t r a t i o n s i n the membrane phase . Thus from t h i s method, 
suggested by TMS ( 9 , 1 0 ) , T were ob ta ined fo r each membrane-
e l e c t r o l y t e system and the va lue s are given in Tables 17,18M9 
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It is found that the values determined by the two approaches 
are closer to each other. 
More recently Nagasawa (25r26) used the following 
"basic flow equations for the evaluation of membrane charge 
density 0X with various electrolytes. 
Equations Used for the Evaluation of Membrane Charge 
Density (0X)i-
described earlier 
The membrane p o t e n t i a l equationy^was r ea r r anged t o 
give 
A 0 - ^ m CI' (C^ + 0X ) m. c ^^^ ) 
Where 
and 
q ( C^ ' + 0X ) A. -V 
In 
h=-i 
Hnt 
^ C : + A^) CC:' + A^) 
0 X - ^^^Co ^ K 
j'(-1)^ ^^ ^X + ^^^o ^K 
K = — cc"-c«)- (CI' + c;_) JQ 
5 ' " ""^ 2KrCQ V 
(0X)^ JQ In G" + 
0X 
Ct 4 ^ - ) VHTCO ( C » - q ) 
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At s ignif icant e l ec t ro ly te concentration, the Eq. +^6 reduces 
to 
except at extremely high concentrat ions where the water f lux 
J i s zero tha t the membrane po t en t i a l i s s ign i f i can t ly affec-
t ed by J . This equation of Nagasawa was found to be applicable 
to these systems of parchment membranes. The p l o t s of /A0 / 
[( c r ' - l ) / c r j against ^ / Q. were drawn as shown in Figures 2^-
28. The value of 0X obtained from the i n i t i a l slope for 
various membrane e l ec t ro ly t e systems are given in Table 20 for 
each membrane. 
The conclusions which can be drawn about the r e l a t i v e 
s t rengths and weaknesses of each of the theo r i e s of membrane 
po ten t i a l as applied to parchment membranes can be summarized 
as follows. 
The important point emerging from the appl icat ion of TMS 
theory i s tha t the mobil i ty r a t i o goes through a change, con-
siderable in some cases, in the membrane phase. Usually in 
the case of cation select ive membrane (values of X high) 
(u/v)-^<=>^ in d i lu te solut ions and only when the membrane i s 
in equilibrium with concentrated solut ions does ( u/v)—^ ( u/v) ^Q-L J^-J^ J^  
In view of t h i s , the approach of TMS i s unre l iab le to evaluate 
X for ion-exchange membranes which have a high concentration of 
fixed groups. This point has been well i l l u s t r a t e d by 
Lakshminarayanaiah and Siddiqi (38, '+1,^2). I t i s not tha t 
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unrel iable for a membrane which has a low concentration of X , 
as found in t h i s study, due to the fact tha t the change in the 
values of the factor (u/v) i s not as d r a s t i c as i t i s with 
membranes of high charge dens i ty . The l i m i t a t i o n s of t h i s 
conceptually useful theory which has stimulated both t h e o r e t i -
ca l and experimental work, are applicable only to an idea l ized 
system and t h i s should be borne in mind when i t i s applied to 
analyze membrane phenomena. 
Altug and Hair ' s method i s based on TMS theory. This 
a l t e rna t ive method of p lo t t i ng the membrane p o t e n t i a l data may 
be expected to give X values different from those given by TMS 
method. I t i s not very r e a l i s t i c to use the solution mobil i ty 
values for the r a t i o (u/v) in the ca l cu la t ions . I t i s believed 
tha t the approach of Altug and Hair overestimated X in compa-
r ison to TMS method. 
In the Kobatake and Nagasawa methods, the der ivat ions are 
based on thermodynamics of i r r e v e r s i b l e processes . They have 
claimed that t h e i r data of membrane po ten t i a l on an oxidized 
collodion membrane as well as those of previous workers are 
f i t t e d quite accurately by the equations derived by them. They 
have also s ta ted that no such agreement with experiment i s 
obtained in terms of e a r l i e r theory of TMS. in the present 
inves t iga t ion the mean value of charge densi ty obtained by 
using the different equations of Kobatake and Nagasawa i s 
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found to be closer to that obtained by Altug and Hair method. 
The t heo re t i c a l predic t ions from t h e i r membrane p o t e n t i a l 
equations are borne out quite s a t i s f a c t o r i l y by our experimen-
t a l r e s u l t s and hence i t may safely be concluded tha t t h e i r 
approaches based on non-equilibrium thermodynamics for charge 
densi ty evaluation are be t t e r among the ex i s t ing membrane 
p o t e n t i a l t h e o r i e s . 
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CHAPTER ~ I I I 
STUDIES OF BI-IONIC POTENTIALS 
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I N T R O D U C T I O N 
An ion-exchange membrane separating two electroljrbe 
solut ions maintains across i t s e l f an e l e c t r i c p o t e n t i a l 
difference which can be measured with sui table e lec t rodes . 
Po ten t i a l s between solut ions of the same e l ec t ro ly t e but of 
d i f ferent concentrations are customarily defined as concen-
t r a t i o n p o t e n t i a l s , and those between solut ions of d i f ferent 
e l e c t ro ly t e s but of equal equivalent concentration as b i - i o n i c 
p o t e n t i a l s : 
Ag - AgCl Solution Membrane 
C") 
Solution 
AP 
1 
BP 
2 
Ag - AgGl 
I f the concentrations at the in te r faces are known, the 
b i - i o n i c po ten t i a l can be calculated from the general equation 
for the e.m.f. 
Bi - ion ic p o t e n t i a l s (BIP) have been reported by Michaelis 
( 1 ) , Marshall et a l . ( 2 ) , Meyer and Bernfeld ( 3 ) , Qollner 
e t a l . ( ^ , 5 ) , Manecke (6) e tc and various workers (7- l5)« 
Using the Henderson equation (16) for the l iqu id- junc t ion 
po t en t i a l and in i t replacing concentrations by a c t i v i t i e s , 
Marshall (2) derived equations for the BIP. 
The mechanism of the BIP was considered in d e t a i l by Sollner 
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C ,^5)<«»ha found that not only was the relative mobility of 
the counter-ions important, but also the selectivity of the 
membrane material played a significant role, Sollner (^,5) 
suggested the most probable mechanism of the origin of BIP, 
and discussed different factors influencing i t s magnitude 
and sign and extended his studies to "polyionic potentials" 
across membranes of ideal ionic selectivity in systems with 
more than two species of ions and used the following relation 
of BIP, 
prp t^ (+ve for cation selective) 
^^BiP = ± F ^ r- (^>-
2 (-ve for anion selective ) 
Where t . and tp are the transference numbers of ions [1]and 
[2] with the membrane. 
The origin of the BIP was also expressed by Marshall et al.(2) 
for clay membranes, which are considered to be non-porous in 
character. Marshall's method is based on the assumptions that 
a membrane gives rise to a potential by reducing the mobility 
of the non critical ion to zero. Mar shall (2) replaced the 
transference numbers by the product of activities and mobi-
l i t i es from Eq.1 and developed the following equation for BIP 
Where a and U are the activity and mobility of corresponding 
ions. The most promising way of applying the thermodynamical 
theory in this case would be to consider layers parallel to 
lU 
the membrane plane and so thin that the change of the thermo-
dynamic potential from one surface of the layer to the other 
is small. By calculating the potential differences "between 
the surfaces of these layers and integrating from one membrane 
surface to the other the BIP could be found. However, this 
procedure implies some assumptions about the distribution of 
ions in the membranes. In fact it is identical with the 
treatment of Scat chard (17) who found the BIP by integration 
of the diffusion potential in the membrane. 
Recently Toyoshima and Nozaki ( l8-2o) have derived 
various theoretical equations of membrane potential and BIP 
based on thermodynamics of irreversible processes/applied 
here. The system was considered in which two large compart-
ments contain two simple uni-univalent electrolytes AP and 
BP. Here A and B represent the species and p is the common 
anion. The system was also assumed to be isothermal^there 
was no electric current applied externally across the membrane. 
Nozaki et al. (20) proposed the following assumptions for the 
concentration dependence of U^ ^ and a. of ion i ( i = + , - ) 
in the membrane phase 
U G^ = U°C (C +0X) (3) 
a =-° ^  r ( C„ + 0X) 
a - =TX (^ > 
14 
and succeeded in explaining the experimental data for various 
membrane phenomena occuring across charged membranes. Here 
Uj. , a. are the mobi l i ty and a c t i v i t y of ion i . And U^^ and 
y? are the mobi l i ty and a c t i v i t y coeff icient of ion i in the 
free solut ion. The quant i ty 0X i s general ly cal led the thermo-
dynamically effect ive fixed charge densi ty of the membrane. 
The general equation for BIP i s given by 
^i^BIP = - C f ) [^ C^" 1 ^ 0 - 1 ^ • ''^-'^ "" 
Where "^ and'H J^^ Q "the reduced concentrat ions at X=0 and 
X = L and J i s the flux of the ion r e l a t i v e to the frame of 
reference fixed to the membrane. 
"^ and ^ may be defined as follows 
^ „ = ( 1 + r l ) 2 s ; j ' ) ^ . , = ( 1 + r ; ) / 2 S B (6) 
5 L = ' 1 *^A> 2 £ l ) \ = c i + ' 4 ) / 2 & ; 
Where T ^ , T g and S ^ , Sg are defined by 
A 0X 0X 
(7) 
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1^=1 
SB = 
2 2 
C ^A ^A ) -». 1 
2 2 L Kg Cg 
(8) 
and ( » ) and ( ") i n d i c a t e the va lues i n s o l u t i o n 1 and 2 . In 
Eq. 7 CU i s t h e concen t r a t i on of t h e ca t i on N i n the e x t e r n a l 
s o l u t i o n . 
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E X P E R I M E M T A L 
preparat ion of the Polystyrene Moulded Membrane: 
Gupric vanadate polystyrene moulded membrane was 
prepared by mixing 0.2M cupric n i t r a t e and 0.2M sodium-ortho-
vanadate so lu t ions . The cupric vanadate gel thus obtained 
was well washed with deionized water, dr ied and then siezed 
by s ieving. The cupric vanadate membrane using sui table r a t i o s 
of binder was prepared by the following method based on U.S. 
Patent No.26l^, 976 (7^) ( 9 ) . 
Polystyrene granules were grined in to fine p a r t i c l e s and 
sieved by 200 mash. The optimum quant i ty of binder to be 
embeded in order to get membrane of adequate mechanical s t r e -
ngth was found by using di f ferent r a t i o s of b inder . The 
cupric vanadate membrane prepared by embedding 30% of poly-
styrene was found most sui table for our purpose. Those 
containing la rger amount of binder did not give reproducible 
r e s u l t s while those containing lesse r amount were quite 
uns tab le . The temperature at which the membrane was moulded 
was kept at 97°G and pressure was 11000 p s i . The cupric 
vanadate membrane thus prepared was found to give quite 
reproducible r e s u l t s of membrane po t en t i a l as well as those 
of b i - i o n i c p o t e n t i a l s . 
144 
Measurement of B I P : -
The BIP a r i s i n g ac ross cupr ic vanadate membrane was 
measured by c o n s t r u c t i n g a c e l l of t h e fo l lowing type 
Ag-AgCl 
( • ) 
l u t i o n 
AP 
Membrane 
\ 
Donnan 
P o t e n t i a l 
( ' ) 
Solut ion 
BP 
Donnan 
P o t e n t i a l 
Diffusion 
P o t e n t i a l 
Ag-AgCl 
keeping the c o n c e n t r a t i o n s of e l e c t r o l y t e s o l u t i o n s t o be 
the same on both s i de s of t h e membrane at 25°C ( j - 0 .1°G) . The 
s o l u t i o n s were v igo rous ly s t i r r e d by means of magnet ic s t i r r e r s , 
The measurements were recorded when t h r e e changes in t h e t e s t 
s o l u t i o n s d i d not l ead t o p o t e n t i a l v a r i a t i o n exceeding 40.2mV. 
At l e a s t two membranes were u t i l i z e d i n each exper iment . The 
membrane p o t e n t i a l measurements were a l s o c a r r i e d out fo r KGl, 
NaCl, and LiCl e l e c t r o l j r t e s through the f r e s h membrane of 
cup r i c vanadate keeping the concen t r a t i on r a t i o CT" = 10 
throughout the experiment as suggested by Nozaki e t a l . ( 2 0 ) . 
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TABLE-1 i Otiserved membrane p o t e n t i a l s (mV) for v a r i o u s 
e l e c t r o l y t e s through p o l y s t r e n e moulded cupr i c 
vanadate membrane a t 25^G (4O.I C). 
E l e c t r o l y t e s 
Concen t ra t ions KCl NaCl Li CI 
1/0.1 
0 . 1 / 0 . 0 1 
0.05/0.005 
0.02/0.002 
0.01/0.001 
0.001/0.0001 
11.21 
32.37 
36.if1 
^3.76 
if8.13 
50.08 
8.72 
17.6^ 
32.25 
38.06 
^3 .62 
^8 .53 
6.58 
16.23 
21+.37 
32.33 
38.^6 
^6.59 
TABLE~2; Observed b i - i o n i c p o t e n t i a l s (mV) for v a r i o u s 
p a i r of e l e c t r o l y t e s through po ly s ty r ene moulded 
cupr i c vanadate membrane at 25°G ( 4 0 . 1 ° G ) . 
E l e c t r o l y t e - p a i r s 
concen t r a t i on 
M 
KCl-NaCl 
6.77 
7.06 
7 .88 
9 .32 
9.87 
11.57 
lif.38 
KCl-LiCl 
5.52 
7.16 
7 .83 
8.09 
9.08 
10.12 
12.82 
NaCl-LiGl 
U-.23 
6.08 
7 .13 
7 .95 
8.27 
9 .12 
11.08 
0.1/0.1 
0.05/0.05 
0.02/0.02 
0.01/0.01 
0.005/0.005 
0.002/0.002 
0.001/0.001 
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RESULTS AND DISCUSSION 
The observed membrane p o t e n t i a l and b i - i o n i c p o t e n t i a l s 
a c ro s s po lys ty rene moulded cup r i c vanadate membrane are given 
i n Tables 1 and 2 . Marsha l l and K r i n b i l l ( 2> developed t h e 
fo l lowing equat ion for BIP 
A 0 3 J P = l ^ l n ( ^A^A ) (1 ) 
Where U. / B i s t h e apparent m o b i l i t y r a t i o i n the membrane 
phase of t he two i o n s . The va lues de r ived for m o b i l i t y r a t i o s 
us ing above equat ion ac ross cupr i c vanadate membrane are given 
in Table 3 for^KCl - NaCl, \ | :Cl - LiCl) and(NaGl - LiCl) s e t s of 
u n i - u n i v a l e n t e l e c t r o l y t e s . 
Eisenraan e t a l . (21) used t h e fo l lowing equa t ion for the 
Pot 
evaluation of potentiometric selectivity coefficient, KVg 
^ ^BIP = ^ ^ ^ [^ A + ^  ^ AB ^ > 
1/n (2) 
Which i s the extended form of Nicolsky equation ( 2 2 ) . The 
various values of BIP are p lo t ted against mean ion a c t i v i t i e s 
and s t ra ight l i n e s as shown in Figure 1 are obtained. From 
the slope of the l i ne the values of potentiometric s e l e c t i v i t y 
coefficient K\^ are obtained which are given in Table h- for 
various 1:1 e l ec t ro ly t e se ts through polystyrsne moulded 
cupric vanadate membrane. 
14? 
TABLB-3; Values der ived for m o b i l i t y r a t i o (UA/ya) for 
v a r i o u s e l e c t r o l y t e p a i r s through po lys ty rene 
moulded membrane a t 25°G (^O. I^C) . 
M o b i l i t y r a t i o s 
Concen t ra t ions 
N 
0 . 1 / 0 . 1 
0 . 0 5 / 0 . 0 5 
0 .02 /0 .02 
0 .01 /0 .01 
0 .005/0 .005 
0 .002/0 .002 
0 .001/0 .001 
UK-H/U,. 
1.28 
1.29 
1.30 
1.^0 
1.^3 
1.53 
1.69 
.4-
a \^^Li^ 
1.22 
1.30 
1.33 
1.3^ 
1.39 
1.1+5 
1.57 
% a ^ L i * 
1.16 
1.25 
1.30 
1.3^ 
1.35 
1.39 
1.50 
Pot TABLE-.^; Values der ived for K ^ v/ith v a r i o u s e l e c t r o l y t e 
p a i r s through po lys ty rene moulded cupr i c vanadate 
membrane at 25°G (+0 .1°G) . 
E l e c t r o l y t e p a i r s p^^ 
(A - B) ^AB 
KCl ~ liaCl 1.131 
KCl - LiCI 1.096 
NaCl -LiCl 1.1^2 
Plots oj bi-ioy)\c botentlol QQai/nst -loa(a)-f6»' Various 
eledfolyte - bairs ihrouQ"fi cuf>nc vanadote mneimbraYie. 
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Nozaki e t a l . (20) developed t h e fo l lowing t h e o r e t i c a l 
equat ion for BIP by us ing the reduced v a r i a b l e s which con t a in s 
four parameters namely V^^ , 0X / I^ , g^ and K^ / Kg e t c . 
/^ 03^p = 2 in (K/Kg) + 2JI UJY^ + D/CJVg + 1)1 ( ^ ) 
. . (3) 
Where (K./Kg) i s t h e s e l e c t i v i t y cons tan t of a membrane for 
+ve ion spec ie s A t o B. 
TO 1 r u° 
C N = A,B ) (u) 
and x/ 1 +C2%C / 0X)^ = ( g^ -" 1) 
For KCl - NaCl p a i r , t h e equat ion can be expressed i n the 
fo l lowing form 
^hiva^-rt) 
K + 
2 I n C ^ ? ^ ) + 2X1 V 
. . . c^) 
Similar procedure was adopted for o the r p a i r s of 1:1 
e l e c t r o l y t e s namely NaCl - LiCl , KCl - L iCl . For t h e eva-
l u a t i o n of f l u x J , Nozaki e t a l . (20) gave the fo l lowing 
r e l a t i o n which i s u t i l i z e d here 
(2J-1) Ui I (g^+ +2J)/(g^^+ 2J)1 - ]Ji | ( J \ + * 1) / 
CJV,,+ + 1 ) | - On ( gj.-+/ gjj* ) = 0 
"Na (5) 
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In order to evaluate Y.. , and ( f ^ ) , (N = K"*', Na+, 
"N 
•N 
Li"^ for various se ts of 1:1 e l e c t r o l y t e s the following 
expressions are used. 
The membrane po t en t i a l , ^ 0 i s given hy 
A 0 = - U i O - - ( 1 - 2 / ^ ) 111 /~i ^2C^ K^ / j2fX)''-4( 1-2%) 
/T~K2C^ % / 0X)^<1-2%) 
-•^  In . /7 + C2(^ % / 0 x r + i ^ " \ 
V l + (2C^ % / 0X)^ + 1 , 
( ^ ) (6) 
Where (T" = 3i 
Expanding Eq.6 in powers of ( l / ( ^ ) with corresponding concen-
t r a t i o n r a t i o (T" being kept constant y ie lds 
a 0 (1-2/1^) 1.10- - 2 ( 1 - ^ K l ^ ) 
The apparent t ransference number t - i s given by 
RT 
C7) 
A 0 = ^ ( 1-2 t - ) I n O -F a p p (8) 
1 Introducing Eq 7 in to 8 and expanding ( ~~^ ) as a 
-1 app 
power ser ies of ( - 7 — ) , the following expression i s 
obtained 
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TABLE-5; Values der ived for V-^ and (0X / K^ O for v a r i o u s 
e l e c t r o l y t e s through po ly s ty r ene moulded membrane 
at 2fc C+0.1^) 
E l e c t r o l y t e s Y^ C 0 X / % ) e q u i v / l . 
KCl 
NaCl 
LiCl 
2.5o 
2.22 
2.17. 
o.o8 
0.05 
0.07 
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U T ; — = % * (% -1) f - ^ 1 c r ) c - i ^ ) + ... (9) 
By the use of Eq 9 the values of Vj^  and (^ ) can be evalua-
ted from the ordinate intercept and initial slope of a plot 
1 1 
for ( -^ ) against ( —^— ) at a given (T~ , 
app C^  
P lo ts of lAar)T) ^-gai^st 1/C^ for various 1:1 e l ec t ro -
l y t e s are shown in Figure 2. Equation 9 i nd i ca t e s , tha t the 
in te rcept of a plot of 1/t- against 1/G^ at fixed 0" allows 
the value of Y^ to he determined. For the evaluation of 
(0X / I ^ ) , the slope of Eq. 9 which i s given by the following 
factor 
(.V,, - 1 ) / ( o ~ - 1) 
cr"lnc5-
i ^ ) (10) 
i s f i r s t determined. The graphical value of slope evaluated 
from Figure 2 i s equated/the above factor and then by 
subs t i tu t ing V-^ , the values of ( ^ ) i s evaluated. The 
values of C ^ ) and 7,. thus determined are given in Table 5-
The t h e o r e t i c a l l y determined values of BIP from Eq.3 are 
p lo t ted against log C and are shown in Figure 3 . For compa-
r ison the observed values of BIP are also p lo t ted in the 
same f igu re . I t i s quite evident from the Figure 3 that the 
agreement between the observed and t h e o r e t i c a l values i s 
quite f a i r and i t may be concluded that the theory of BIP 
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developed by Nozaki et a l . (20) i s applicable to our system 
of polystyrene moulded cupric vanadate membrane. 
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S U M M A R Y 
S U M M A R Y 
The t ranspor t phenomena occurring across parchment 
supported and polystyrene moulded membranes have heen thorou-
ghly invest igated by taking in to account the following 
aspects ; ( i ) ionic t r anspor t , ( i i ) membrane p o t e n t i a l , ( i i i ) 
e l e c t r i c a l conductivity, ( iv ) ionic d i s t r i b u t i o n e q u i l i b r i a 
and (v) spa ta i l d i s t r i bu t i on of the ions and p o t e n t i a l 
within the membrane. 
The work described in the t h e s i s i s divided in to the 
following three p a r t s . 
part (A) mainly deals with the preparat ion of new 
system of parchment supported membranes and the s tudies of 
diffusion of b io log i ca l l y important e lec t ro l3^es through 
them. Nernst-planck f lux equations have been applied for the 
evaluation of diffusion r a t e s . The various membrane para-
meters namely membrane po ten t i a l E , ca t ionic and anionic 
po t en t i a l s E + and E - and membrane res i s tance R e tc have 
been determined with various e l ec t ro ly t e s at different 
concentrat ions. The membrane po t en t i a l E for every membrane 
and with various e l ec t ro ly t e s display very i n t e r e s t i n g 
phenomena. In the case of 1:1 e l e c t r o l y t e s the E values 
m 
are a l l pos i t ive while in the case of 2:1 and 3:1 e l ec t ro ly t e s 
the surface charge reversa l takes p lace . The values of 
membrane res i s tance decreases with increase in concentration 
of e l ec t ro ly t e so lu t ions . By the use of K i t t e l h e r g e r ' s 
equation, the diffusion r a t e s of various e l e c t r o l y t e s were 
evaluated at different temperature. Comparison between 
observed and computed diffusion r a t e s have been made and i t 
was found that the Kittelberger* s equation i s applicable to 
these systems of parchment supported membranes. 
The various membrane parameters were also evaluated 
at different temperatures and the energy of ac t iva t ion E^ ^ 
for diffusion of e l e c t r o l y t e s were ca lcula ted . I t was found 
tha t the values of E„ for diffusion through the membranes 
are higher than those found for diffusion in free so lu t ion . 
The diffusion r a t e sequence and s e l e c t i v i t y of the membranes 
for various uni , b i and t r i v a l e n t cat ions were found to be 
pr imar i ly dependent on the differences in hydration energies 
of counterions in the external solut ion. On the b a s i s of 
Eisenman-Sherry-theory the diffusion r a t e sequence of a l k a l i 
metal cations point towards the wQak f i e l d strength of the 
fixed charge groups. 
The theory of absolute react ion r a t e s has been applied for 
the diffusion processes and the various ac t iva t ion parameters 
namely enthalpy of ac t ivat ion AH''^, free energy of ac t iva t ion 
A W^ and entropy of ac t iva t ion A S''^ , were evaluated. The 
values of A ^ were found to be negative ind ica t ing tha t 
the diffusion takes place with p a r t i a l immobilization in the 
membrane phase. The r e l a t i v e p a r t i a l .immobility was found 
to increase with increase in the valence of the ion cons t i tu-
t i n g the e l e c t r o l y t e . A formal r e l a t ionsh ip between 
^ h y d r a t i o n , ^ V d r a t i o n ^ ^ ^ h y d r a t i o n °^ *=^^i°"^ ^ " ^ 
the corresponding values of A H''^ , A 5 ^ ^^d A ^ for diffu-
sion was also found to exis t for these membranes. 
Part (B) : This part mainly deals with the charge 
densi ty evaluation by various methods given by ( i ) Teore l l -
Meyer-Sievers (TMS), ( i i ) Kobatake et a l . and ( i i i ) Nagasawa 
et a l . The values of Donnan p o t e n t i a l , diffusion p o t e n t i a l , 
and t o t a l membrane po ten t i a l for KCl with various concentra-
t i o n s have been calculated according to TMS theory and i t s 
modified form by Altug and Hair . The most c ruc ia l point in 
Kobatake et a l . method based on the thermodynamics of i r r e v e r -
s ib le processes i s to assume tha t the a c t i v i t i e s , a aad a 
of small ions in the membrane can be represented by a = c 
and a = c where c i s the concentration of the co-»ions in 
the membrane phase having the same sign as tha t of the 
ionizable group fixed on the membrane matr ix . This assumption 
implies tha t in the di rect ion of membrane th ickness , the 
gradients of the chemical po t en t i a l of pos i t ive and negative 
ions in the membrane are the same i . e . grad.a = grad.a 
Kobatake* s equation contains various parameters namelyo<^ , ft 
and © which have been evaluated. These parameters were used 
for comparison of theory with experiment and confirmed the 
app l i c ab i l i t y of Kobatake»s equation of membrane po ten t i a l to 
these systems of membranes. Kobatake also derived another 
equation represent ing the degree of perm s e l e c t i v i t y of 
membrane-electrolyte system by the use of empirical expre-
ssions of the a c t i v i t y coeff ic ients and mob i l i t i e s of small 
ions in charged membrane. Based on permselect ivi ty , a simple 
methc^d for the evaluation of the effect ive fixed charge 
densi ty was proposed by Kobatake. The permselec t iv i ty and 
charge density of the membranes were evaluated by t h i s method 
a l so . 
Most recen t ly Nagasawa has derived an expression for 
the determination of thermodynamically ef fec t ive fixed charge 
densi ty based on non equilibrium thermodynamics by taking 
various assumptions. This theory was also applied to these 
system of membranes and thermodynamically ef fec t ive fixed 
charge densi ty was evaluated. The r e s u l t s of a l l these inves-
t i g a t i o n s show tha t the membrane po ten t i a l data are f i t t e d 
quite accurately by both equations derived by Kobatake and 
Nagasawa. 
Part (G) : This port ion of the t h e s i s mainly deals 
with the s tudies of b i - i o n i c p o t e n t i a l s . The t h e o r e t i c a l 
equation based on thermodynamics of i r r e v e r s i b l e processes 
for 'bi- ionic po ten t i a l and membrane p o t e n t i a l s derived by 
Toyoshima and Nozaki have been applied and t e s t ed -with 
polystyrene moulded membranes. All the parameters of the 
equations have been detei^ined and i t was found that the 
t h e o r e t i c a l l y determined b i - i o n i c po t en t i a l agree well with 
the experimentally observed b i - i on i c po t en t i a l values. The 
main assumptions of Nozaki* s equation tha t a c t i v i t y coeff i -
c i en t s and mob i l i t i e s of small ions are given by the 
expressions proposed from the expanded "add i t iv i ty r u l e " , 
are found to be applicable to these system of membranes. 
Ifil HNAl , (IK I ' o n M K K S( I K M K l ' , , \ : . r r h , „ , , - i r \ Kditi,.n VOL I.'v I'tV, IRM, (IStTTi 
Studies with Model Membranes. IX. Kvaluation of 
Thermodynamic Parameters from the Transition State 
Theory of Rate Processes for Kloclrolyle Diffusion 
through Silver Chloride Parchment-Supported 
Membranes 
FASIH A. SIDDIQI, SANTOSH K. SAKSKNA. Miui IHADl'H KAHMAN 
KHAN, Divisiun uf Physical Chemistry, Department uf Chi mislry, Aligarh 
Muslim University, Aligarh, UP. India 
Synopsis 
Difrusi'on rate of biologically important electroKies through parchment MipiMirltc) silver < hloride 
membrane have been determined by the use of Kernst-Planck equation at various temperatures 
taking into account membrane resistance R„, membrane potential Em- elc. The diffusion rates 
were found t<) be primarily dependent upon the difference in the hydration energies of the <nunlerion 
in the external solution. On the basis of Eisenman-Sherry theory the diffusion rate s#t|uence of 
alkali metal cations point towards the weak field strengths of the fixed charge groups. The various 
thermodynamic parameters, namely, AW'. AF'. and A.**' were e\a!ualed. The valued of AS- fuund 
to lie n(t;ative, iiidi(ating that the diffusion is tjikin^: place ttilh partial immobilization in the 
membrane phase. A formal relation between AWhydraiu.n. AFhvdraiii.n- and A.S\vdraii..n of ca^ms with 
the corresponding values of AW', Af'. and AS' for diffusion was also found to exist for the investi-
gated system. 
In order to understand the behavior of complex cell membranes, we have been 
engaged for quite some time in developing a complex artificial system of mem-
branes, namely, parchment-supported membranes, '^ which in some formal 
aspect at least behave like gastric mucosal membranes,'*^ and asymmetric com-
posite polymeric membranes,^' ' '^ which mimic some of the properties of nerve 
cells. "-'8 
Theories of membrane behavior, particularly those of complex ones, have been 
discussed by Kedem and Katchalsky'^ in a series of theoiitical jiapers. The 
various theories accordinj; to Schlogi'" may l)e roughly divided into three groups. 
depending on the nature of the flux equation u.sed in the treatment. Older 
theories or their modern refinements based on the Nernst-PIanck flux equation, 
fall into one group. A second group comprises the theories which use the prin-
ciple of irre\ersib]e ihfrmodynamics. The third group is made up of those 
theories which utilize the (oiuepts of the tlicor\ of rale processes. These have 
been ri \ i{ ued in a number of monographs, particularly that of I>akshminaray-
anaih.-' 
This series of communications deals with studies of diffusion rates of biolog-
ically important electrolytes through silver chloride parchment-supported 
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nifrnhranc; Kith HK rjicr's ((iiiitlion,"' found siiilaliU- fur l>nth \he "paint t>pp" 
jind pare lunfnt sniipurtcfl mi nil)r;)n('«,' • is tiscd. 'flu- ri iill> iirc dis(ii'^^pd 
in the lij^ lit of the MCUS put (drw.iid hy Solliur.-'' -'' {ir('f;<ir, •''• '' S( luitid,'" and 
Ht'llferich.'" Tlic litld stniij^tli uHidol tt( Kistninan" " a n d SluTry'"^ and the 
theory t)rabsolute readion rates have also been applied in ex|)laiiiii)g snrious 
ns|)erts, particularly (hose of hyd rated ionic «i/e and the ener(ie(i(« of hydration 
of the pernieatiit^ species. 
I M 'KMLMKNTAL 
The s.i,Iver (hlciilHc panliiiunt supported niemlirane was prepared by the 
niethcKl n( ititi radidii suf^ f^ ested by Weiser. *' First, parditnenl paper was soaked 
in di'iill* 'I water for 2 lir and then tied ( arefnily to the Hat mouth of a beaker 
f liif.iiiiiiif; {):.>M A(^ ;N(>, siiliilion. This was suspended for about 72 hr ina0.2A/ 
snhilion of potassium ihloride. The two solutions were interchanged and kept 
for another 72 hr. The silver c hloride membrane thus prepared was washed with 
deionized water for removal of free electrolyte. The apparatus and procedures 
used to measure membrane potential, resistance, and electrolyte concentrations 
are those described by Siddiqi el al.''-^ The capacity of each of the two half cells 
holding the membrane was about 130 ml. A known volume of each of the two 
test solutions (approximately 125 ml of each) was introduced and conductivity 
cell electrodes fixed in place. An assembly with magnetic stirrers in each half 
cell was placed in a thermostat maintained at 25 ± 0.1 "C. The actual experi-
mental procedure was to set up (he cell with membrane and silver silver chloride 
electrode (both J-shaped as well as disk electrodes). The solutions in both the 
half cells were kept well stirred by usinj: magnetic stirrers. Various salt solutions 
(chlorides of Li+. Na+. K+, Ca'-+, Ba-+, Mg"^-, and Al''+) were prepared from 
BDH analytical-grade chemicals with deionized water. They were normally 
0AM and O.flOl A/ in the two half cells initially. No appreciable change in O.lM 
electrolyte concentration was observed (within an interval of 4-5 hr), and we thus 
a,ssumed this concentration to be practically unchanged. 
When once the cell was set up; the experimental procedure was to follow the 
conductance change on either side of the membrane with time. On the high-
ccmcentration side (O.lM), it was found (hat in the time period (about 5 hr) the 
experiment ran, there was no significant change in cortduct.ance of the solution. 
Il was therefore assumed (hat the concentration of this side remained constant 
and only the conductance change on the dilute solution side was followed with 
time on the conductivity bridge. The e.Nacl (dnicnlralion of tlie solution at any 
given time was estimated from a calibration curve where conductance was re-
corded against concentration. J-type wire electrodes connected to a Pye pre-
ci.sion vernier potentiometer monitored the membrane potential with time. The 
menlbrane resistance was det ermined by applying an external emf to disk-type 
Ag-AgCl electrodes and measuring the change in polential across the membrane 
using the J-lype wire electrodes. The current passed llirough the membrane 
system was determined by measuring (he IR drop across a precision Kilo-ohm 
resistor. The current was kept very low to minimize ion transfer during the 
period (about 2-3 min) required for each resistance measurement. The direction 
of current flows was reversed in each successive measurement. 
The diffusion cell used in these studies was such that J-type wire electrodes 
HTUDIKS WIIM MCthKI- MKMXHANKS. IX im 
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Pig. 1. PloU of membrane resistance K„ against concentrations for various electrulytes acitiH 
a silver chloride membrane: (J), AlCIa; (2) LiCi; {3) KCI; (4) BaCIs: (5) MgCIa; (0) SrCi,: (7» NaCi; 
(StCaCb. 
fixed verticfiliy pai^Iel to the membrane faces were each 1.7 cm away from the 
membrane faces. Consequently, the resistance measurements gaVe a value for 
the Intern electrolyte solution (A/^niembrane (/?ni)-eIectroJyte sdutjon iR,"}. 
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Fig 2 Values of (/) £A(/A(CI; (//) £m. and (///) An plotted against concentration for KCI across 
a silver chloride membrane; 1:1 electrolyte. 
To in686ure /Zm directly, the wire electrodes h&d to be pisced strictly on the 
membrane faces. When this was done, resistance values were not reproducible. 
This procedure was therefore abandoned in favor of the former, and correction 
for the electrolyte resistances R^ and Rt" was applied to derive a value for Rjt>-
Since the geometry of the system (area = 24.6 cm ,^ distance of each wire electrode 
from the membrane face => 1.8 eta) and the specific conductance of the electrolyte 
solutions were known accurately (better than ± 0.5%); the sum {R^ + Rt") can 
be computed easily. Thus /?»> the membrane resistance only, can be derived 
as the dinierences between the measured total resistance and the sum of the 
calculated electrolyte resistance (/?/ + /?»')• 
RESULTS AND DISCUSSION 
When an ionic gradient is maintained using two solutions of different con-
centration ti the same electrolyte on either side of the membrane, diffusion of 
the electrolyte froitn the region of high concentration takes place. There will be 
flow of water in the opposite direction. Besides, an electric field du6 to difTM** 
ences in the mobilities of cations and anions is established across the metnbraiie. 
If the membrane contains a large number of groups, say negativeb^ charged, the 
potential generated (dilute solution side positive) will \» matty times larger than 
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chloride membrane; 1:1 electrolyte. 
the liquid junction potentials which are normally observed when the same two 
solutions are brought together with or without an "uncharged" membrane in 
between. These transport phenomena are often described by some extended 
form of Nernst-Planck flux equations.^ Evaluation of flows requires integration 
of these flUx equations under suitable boundary conditions governing the be-
havior of the membrane system. Sometime ago, Kittelberger^^ from the simple 
laws of electrolysis, developed eq. (1): 
dt ~ {z^FR}[zy\\ ^A 
^HiM "' Z-(RT/F) In {Oi/i 
where Q+ is the milliequivalents of the cation diffusing in time t (sec); Z+, Z-
are the valences of the cation and anion respectively, Rm is the resistance (in 
ohms) of the membrane, £„ is the membrane potential (in millivolts), Oi and 
02 are the activities of the two electrolyte solutions on either side of the mem-
brane; R, T, and F have their usual signiHcance. Equation (1) describes the rate 
of fiow of a charged species or electroiyte through a membrane. The terra 
\z+ + zj L (RT/F) In {ai/a Tfriz^+zj 
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is the cation transport number expressed in terms of observed membrane po-
tential Em when electrolyte solutions of activity aj and ag exist on either side 
. of the membrane. The term 
l{RT/Z+F)\n{a2/aj)-E^] 
is the effective potential acting on the ion. 
The emf measured across the membrane using the J-type Ag-AgCl electrode 
is made up of two components. The first is the electrode potential difference 
iTp due to the Ag-AgCl electrodes existing in two chloride solutions of different 
activity Oj and a j , and the second is due to the membrane potential Em arising 
across the membrane due to flow of electrolyte through it. Ef is given by eq. 
(2): 
Ee = iRT/Z-F) In (Coj'o/'Cu'i) (2) 
where the r are the activity coefficient.* of the electrolyte solutions. Since Z_ 
is always unity and Cjr] (O]) and C9('2 (oo) are known, £", can be computed. As 
lEe + Em) is measured directly, Em can be evaluated by subtraction. 
The changes in membrane resistance /?„, against concentration for various 
electrolytes diffusing through silver chloride membranes are shown in Figure 
1, while the changes in membrane potential Em and membrane resistance /?m 
with concentration and diffusion rate and membrane resistance with time are 
shown in Figures 2-7 for ];1, 2:1, and 3:1 electrolytes. At any given time, the 
membrane resistance Rm increases in the order KCl < NaCl < LiCl for 1:1 elec-
trolnes, and CaClo < MgCl2 < SrCl2 < BaClo for 2:1 electrolytes;.3:l electrolyte 
produces the highest value for/?„,. 
Em values for the various electrolytes display a very interesting phenomenon. 
In case of 1:1 eIectrol\1es, the values are all positive (dilute solution side Cj taken 
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as positive), indicating thereby that the membrane is ration-selective. In case 
of 2:1 and 3:1 electrolytes, Em changes sign, as shown in Figure 8. This means 
that the membrane has become anion-selective. This change in the selectivity 
character of the membrane is evidently due (o adsorption of multivalent ioris 
leading to a state where a net positive charge is left on Ihe membrane surface 
making it anion .selective. Adsorption of AP* makes the membrane more 
anion-selective than it is with the adsorption of either divalent cations. Such 
behavior seems to be a common phenomenon observed with a number of other 
systems. For example, Rosenberg et al.^ ^ found in the case of thorium coun-
terions, negative electroosmotic transport of water. The ion was so strongly 
adsorbed on a cation-exchange membrane that it conferred anion selectivity to 
the membrane and thus water was transferred in the opposite direction, i.e., to 
the anode chamber instead of the normal flow which moves into the cathode 
chamber in the case of monovalent cations and cation-exchange membrane.^ 
Similarly, Schulz'^ found, in the case of sodium diphosphate, adsorption of the 
diphosphate anion on the surface of the anion exchange membrane, PermpleX 
A-100. This reversed the charge on the membrane and also the direction of 
electroosmotic flow of water. 
This surface charge reversal occurred in every one of the membranes and 
electrolytes 2:1 and 3:1 used in this study and can be seen in the resulLs given in 
Table I, in which Em and /?m values, as obt.siined at the end of 2- and 4-hr periods, 
are recorded. 
With the help of eq. (1), the rate at which various electrolytes diffu.se through 
the membranes can be calculated. For 1:1 electrolyte, (Z+ = Z- - D.eq. (i) 
becomes: 
dQ+Zdt = dQJdt = dQ/dt . , 
59.16 log t-'4[ 59.16 Jog (C2i'2/C,.',) 4-1 (.1) 
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For 2:1 electrolyte, (Z+ = 2 and Z_ = 1), it becomes: 
dq^ldi = dQJ2dt = dQ/dt 
[.9.5S,„.gj-.„][-
.161og(C2«'2/Ci.'l) 
For 3:1 electrolyte, (Z+ = 3 and Z_ = 1), it becomes: 
dQ+/dt = dQJMt = dQ/rf< 
+ 1 (4) 
4FR 
^ [ l 9 . 7 2 I o g ^ ^ - £ : „ 
Cm ][ 59.16 log (Czi-a/Cii'i) +1 (5) 
The electrolyte fluxes dQ/dt, i.e., Z), calculated from eqs. (3)-(5) for various 
electrol3rte at 25''C are given in Table I. The changes in /?„, Ea and D, with 
time and with cations are shown in Figure 8. 
The diffusion rate derived from the electrometrically or conductometrically 
determined changes in the salt concentration of the test solution Ci is called the 
observed diffusion rate, while the values computed from the measured concen-
tration potential and electrolytic resistance of the membrane, i.e., from eqs. 
(3)-(5), is designated the computed diffusion rate. In Figures 9 and 10 are shown 
the computed and observed diffusion rates of KCl, NaCl, LiCl for silver chloride 
membrane. For comparison the rates of diffusion of hydrochloric acid through 
poly{vinyI butyral) membranes obtained by Kittelberger^^ are also shown. It 
is found that in both the cases the agreement is quite satisfactory. 
Equation (1) seems to be a quite simple and elementary way td describe ac> 
curately the rather complex processes going on in the n^embrane; other tech* 
nique"^ described by Newman'*" and by SmyrI and Newman*' which begin with 
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silver chloride membrane; 3:1 electrolyte. 
the Stefan-Maxwell transport equations are available, they are not widely ap-
plicable to our system. The Nernst-Planck equation on which eq. (1) is based 
can be applied to parchment membrane as they have been applied to electrolytic 
transport processes in stomach.'" 
The diffusion experiments at the same time provided a method for calculation 
of the diffusion coefficients D^ of the electrolyte. Ciric and Graydon*^ have' 
suggested eq. (6) 
De = {VLI2A) lln (AC„/ACf)/At] (6) 
where L is membrane thickness (cm), A is the membrane area (cm'), V is the 
volume of the half cell (15 ml), and ACQ is the difference in concentration of the 
diffusing species between half cell at zero time and ACf » differences in con-
TABLE I 
Experimental Activation Energies and the Eyring Activation Parameters Derived from 
Transition State Theory of Rate Processes for Diffusion of Various Electrolytes through 
Parchment-Supported Silver Chloride Kf embrane 
Electrolyte 
KCl 
NaCl 
LiCI 
BaCli 
CaClg 
SrClj 
MgCJj 
AlCb 
D. X 10», 
mole/sec 
2.70 
134 
1.93 
1.65 
1.94 
1.64 
1.93 
0.99 
PcXlO'. 
crti'Aiec 
4.OSO 
2.624 
2.221 
1.167 
2-268 
1.454 
1.784 
0.477 
£.. 
kcal/mole 
6.442 
6.217 
5.987 
4.722 
5.300 
4 836 
4.952 
6.218 
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centration of the diffusing species between half cells at time t, t being the time 
in minutes. 
Plots of In (ACjACf) against t gave straight lines and are shown in Figure 11, 
from which the value of diffusion coefficients are calculated and given in Table 
II. 
The diffusion of the electrols^te through the membrane is slower than in the 
free solution. Moreover, the order does not remain the same due to various 
reasons: (a) only a part of the framework is available for free diffusion; (b) the 
diffusion paths in the membrane phase are more tortuous and therefore longer 
(i.e., the tortuosity factor); (c) the large hydrated ions in the narrow mesh region 
of the membrane may be impeded in their mobility by the frame work; and (d) 
interactions of the diffusing species with fixed groups occur on the membrane 
matrix. Parchment paper, except for the presence of some stray and carbosylic 
end groups, contains very few groups. Deposition of the inorganic precipitates 
gives rise to a net negative charge on the membrane surface in the case of 1:1 
electrolyte leading to the type of ionic distribution associated with the electrical 
double layer. However, as discussed earlier, use of 2:1 or 3:1 electrolyte leaves 
a net positive charge on the membrane and again results in the formation of the 
electrical double layer. The system investigated is considered as having charged 
rigid capillary structures or gels which can be judged in the light of classical fixed 
charge theory of Teorell,^^ Meyer and Sievers,^* Sollner^^'^* Gregor,^^-' and 
Schmid.^-^ Flow of electrolyte by diffusion because of the presence of a net 
charge ( - V, or + Ve) on the membrane gives rise to the membrane potential as 
opposed to the liquid junction potential ordinarily observed under similar con-
ditions in the absence of the membrane, which regulates th(fe flow of electrolyte 
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by increasing the speed of the slow moving ion and also by decreasing the speed 
of the faster moving ion. This regulated rate of flow (i.e., diffusion) measured 
for different electrolytes through the membrane follows the sequence K"*^  > Na* 
> Li+ and Ba2+ > Ca^ * > Mg2+ > A13+. 
Depending on the size and electrical charge pattern of a pore, it may either 
admit or repel a solute particle. This is the basis of ion selectivity and applies 
equally to material in a thin sheet (a membrane) or in bulk (an ion exchanger). 
It has been proposed by Mullins^ * that the hydration of the materials of the pores 
themselves may provide a favorable water environment for particular ions or 
molecules, so that they slip into the pores away from their previous water mol-
ecules. According to Mullins's argument, this could result in selection of a par-
ticular size with discrimination against both smaller and larger hydrated ions. 
However, it is more general to regard the state of hydration as being in a dynamic 
amdition so that a fraction of the number of a given kind particles in the solution 
has a reduced hydration corresponding to excess energy AE per mole according 
t4i Ebltzmann distribution / = exp |-AE/RT}. To obtain a quantitative relatiwi 
between the ease of penetration and the ion size it will be necessary to know the 
electrostatic force which acts between the ions and the materials of the membrane 
since this force provides energy equal to A£ to displace water of hydration. 
Kisenman et aL '^-^ ^ \^y,f. pointed out that the rank order of ease of penetration 
of univalent cations wiU depend on the energy available from the ion-fixed charge 
interaction. 
In the theory of Eisenman, hydration, however, is connected in terms vX itii 
energetics rather than in terms of hydrated ionic radius or volume. Electrostatic 
interactions are regarded as the primary cause of diffusion. EiseiunanV 
STUDIKS WITH MOHKL NJKMHRANKS. IX 1947 
« & * ^ 
I 
i 
4 
J?-3 
u S 
5 : 
« i 
^ I 
il. 
II ill 
jlj 
IP 
I I I 
ill 
p« Chv/'^o) ••*7 
rtlh ^IPhUJl. SMsSKN'A, AND KUAN 
lixcfl (:r(Hipin(,'^  unci Uir inn and (2) the free eneri^ies reijiiired to remove from 
(or f)if;)M>!( ;ir(»imd) the fixed {^roiipinn and the uniiiterion as many water mol-
i-i u!i •, ,i .H« »)(•(c '^-.iry to permit the contact (or close niiproach) of the fixed 
^r(ni|i]nj: ;.MI| IIN I i.iini,rion. SIK li free iiuri^ies would he closely related if not 
adu.illy proportiiHial lo ll>e standard free energies of the fixed group and the 
roiMiterion. Hosseinsky/'' while dis( iissin}; the electrode potentials and hy-
dration enerjjies h;fs gi^en comparative values of various thermodynamic pa-
rjioK lers whi( h have been reproduied in Figures 12-18. These include (Fig. 14) 
tJiepartialmolalvohmie\',theconductanceX'',(3).S'''< „n-Ti/f In M, -AF„f ree 
ciH rj-y (lianf;e of (afpieoiis) i(ii)i/a1 ion, and ^F], standard free energy change of 
hydration." From Figure 14 it is quite evident that Mg'^ has the smallesl value 
while Ba^"^ has the highest one. It would he (juite worthwhile lo relate the 
properties like ionit free energy, heat capacity, and free energy of hydration, to 
(he diffusion rate />r- I'he plots of f), against all these thermodynamic extensive 
|)ro|)erties are shown in Figures 15 18. 
Although the sizes of the hydrated electrolytes are not known with certainty, 
there are few tabulations^"""^ of the number of moles of water associated with 
some electrolytes. A plot of diffusion rates of different electrolytes against free 
energy of hydration of cations'"" is given in Figure 14 for the silver chloride 
membrane. It is seen that diffusion rate decreases with increasing hydration 
energy, that is greater size due to increase of hyd rat icm. Chuet al."*' ascribe anion 
exchange selectivity primarily due to differences in hydration energies of 
counterions in the external solution. According to these authors the hydration 
shells are largely broken down in the exchanger phase. Since this requires en-
•ergy. it is the ions with the lowest hydration energy which are preferentially taken 
tip by the exchangers. Eisenman'^' '^^ observed that cation selectivity was con-
trolled by the field strengths of the negative fixed charge sites in the glass. For 
negative sites with very high field strengths, the ion site interaction was much 
strtmger than the ion-water interaclicm, so that the relative affinities were in 
the opposite sequence (the order of the hydrated radii) for sites with very weak 
-field strengths, since (he ion-site interaction was then much weaker than the 
ion-water interaction. From a simplified model, in which field strength was 
taken as the controlling variable, the Coulomb energies of interactions of alkali 
(at ion with the sites were compared with the free energy of hydration of cations. 
TABLE II 
ValuBR (if I)iffiision Ciieffkienls 1)^ for Various Elpctroiytes Ihrciugh Parrhmenl-Sup(Kiff*d 
Silver Chliiridp Mpmbrane 
No. 
1 
•} 
3 
4 
f. 
6 
7 
8 
Klfctrolyi 
KCI 
NflCI 
LiCI 
BaCl. 
CHCI-
SrCI. 
MgCf-, 
AlCI:, 
les 
I), X 10', 
c:m-7set' 
I.T-IOO 
0.780 
0.R48 
(».()2,'i 
1.093 
0.7% 
0.,S58 
0.618 
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Eisenman correctly predicted the various cation sequences intermediate between 
those oi hydrated and nonhydrated radii, actually observed in artificial mem-
branes including glass electrodes. 
A simplified theory of selectivity for the four alkaline earths (Mg^ "*^ , Ca^*, Sr^*, 
and Ba^ "*^ ) in a cation-exchange membrane with univalent negatively charge sites 
has been worked out by Sherry"'^  along the lines of Eisenman's treatment for 
alkali cations. Specificity is considered to depend upon the values of two pa-
rameters: the field strength of the anionic sites and the distance between ad-
jacent sites. Specificity is determined, as in Eisenman's model, by the difference 
between free energy of hydration of alkaline earth cations and their Coulomb 
energies of interaction with the negatively charged sites, very weak sites yielding 
no specificities in the order of the hydrated radii of the cations at any site spacing, 
arid very strong sites yielding the sequence of the nonhydrated radii until large 
site spacings are reached. Sherry's model predicts that out of 24 sequences 
obtainable by permutations of the four alkaline earths, only seven should actually 
be ob.'served as selectivity sequence, the two extreme ones being Ba^+ > Ca'-'* > 
Mg2+ for low field-strength group and Mg2+ > Ca2+ > Ba2+ for high field 
strength. On the basis of Eisenman-Sherry theory, the diffusion rate sequence 
obtained in our case point towards the weak field strength of the charge groups 
of the membrane investigated. These findings are in complete agreement with 
our results of membrane charge-density measurements which were found to be 
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Fig. 13. Variation in permeability P (mm^^) ot D, ofa silver chloride membrane with temperature 
in presence of (7) KCI, (2) NaCl (3) LiCl. (4) CaCb, (5) MgClj, (6) SrCJj. (7) BaCJjand (8) AlClj 
electrolytes. 
The theory of absolute reaction rates has been applied to diffusion processes 
in membranes by several investigators.*'"** According to Laidler et al.*^** the 
integral diffusion coefficient Dc is given by eq. (7): 
Be = Ae-^*lf^T • (7) 
where £ , is the observed activation energy for diffusion and A is the frequency 
factor. Thus, if ]5c is plotted against l/T, the slope gives the value of energy of 
activation for the difl^ usion process. For a number of electrolytes and with silver 
chloride membrane the values o f f . were determined and are given in Table I. 
Also according to Zwolinski et al.^ ^"^ 
Z5c - >? (KT/h) exp I AS Vflri exp |-AH Vftrj (8) 
where X is the distance between successive equilibrium posiUons of diffusing 
species, AS^  is the entropy of activation, A//^ the enthalpy of activation, K is the 
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Kig 14. Plots of (7) partial molal volume of ions in solution V,t2) A°, {3)S°,„„ -% R In M, (4) 
-^Fai (aqueous) ionization, and (5) AFh standard free energy change of hydration across a silver 
chloride membrane. 
Bollzmann fonslanl, h is the Planck constant, R the gas constant, and T the 
absolute tcmixTature. 
The Eyring enthalpy of activation A// ' is calculated from the activation energy 
Ea (previously determined) by using relation (8): . 
AHi =E^~RT (8) 
\ being assumed to be equal to 3 A for different electrolytes. (Different inves-
tigators''^ •°'^  have used values ranging from 1 to 5 A for A.) On substituting the 
value of diffusion coefficient D^, the value of AS' has been calculated. The free 
energy of activation AF^ is then calculated from the Gibbs-Helmoltz equa-
tion: 
AFt = A//1 - TAS^ 
The values so derived for the different thermodynamic parameters are given in 
Table II. For purposes of comparison, the values of AS' determined by various 
investigators for a variety of systems are given in Table III. 
The values of AS' are either positive or negative for membranes. These are 
a fevs' values which are close to zero and correspond to liquid system. According 
to Ryring et al.,'''-'••'''' the values of AS' indicate the mechanism of flow: large 
positive AS' is interpreted to reflect breakage of bonds while low values indicate 
that diffusion has taken place without breaking bonds. Negative AS' values 
are considered to indicate either that a covalent bond is formed between the 
permeating species and the membrane material or that permeation through the 
membrane may not be the rate-determining step. 
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Fig, 15. Plots of D, against (/) Z/Ag (II) heat of hydration, and (III] hydrat*d ionic volume across 
a silver chloride membrane. 
On the contrary, Barrer^^-^^ has developed the concept of "Eone activation" 
and applied it to the permeation of'ases through polymer membranes. According 
to this zone hypothesis, a high A 5 ^ which has been correlated with high energy 
of activation for diffusion, means either the existance of a large zone of activation 
or the reversible loosening of the more chain segments of the membrane. A low 
A S ^ then means either a small zone of activation or no loo.sening of membrane 
structure on permeation. In view of these differences in the interpretaticm of 
AS^, Schuler et al.,'"' who found negative AS^ for sugar permeation through 
collodion membranes, have staled that "It would probably be correct to interpret 
the small negative values of AS' mechanically as interstitial permeation of the 
membrane (minimum chain loosening) with partial immobilization in the 
membrane (small zone of disorder)." On the other hand. Tien and Ting- '^'' who 
found negative AS* values for the pen neat ion of uater through very thin (50.4 
thickness) hijayer membranes, stres.sed tiie possibility that tjie membrane may 
not be the rate-determining step. Based on additional experimental data, they 
came to the conclusion that the solution membrane interface was the rate-limiting 
step for iiermeation. 
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The data of the present study (Table III) indicate that electrolxle permeation 
gives rise to negative values of AS', the magnitude of which depends on the value 
chosen for the distance X between equilibrium positions during diffusion. Since 
the membranes used in this study are fairly thick as compared to bilayers, it is 
1954 SIDDIQl. SAKSENA. AND KHAN 
Pt 
^e^-^/e/JBc/r/f Cbv^jStff/-
Fig. 18. Piorits of Dr agflinat (/) effective dielectric constant um UD hydration number Sht atid 
(///) < effective, across a silver chloride membrane. 
believed that the membrane and not the solution-membrane interface controls 
the electrolyte di^usion process. The negative values of AS^ therefore, as 
sugg i^sted by Schuler et al.,** indicate electrolyte diffusion with partial immo-
TABLE lU 
Thtrmodynamic Parameters Calculated from the Transition State Theory of Rate Processes for 
Electrolyte Diffusion through Parthment-Supported Silver Chloride Membjane 
Electrolyte^ kcal/mole 
AS", 
cal/deg mole. ittal/raole A 
KCl 
NaCl 
LiCl 
i BaCIt 
CaCIj 
SfCIs ' . 
MgCI, 
AICI3 
5.850 
5 625 
5.395 
4.130 
4.708 
4.244 
4.360 
&.m 
0.6971 
-0.9192 
- 2 020 
-7.62P 
-4.27<|^  
-6.690, 
-5.90 ' 
-4.280 
6.642 
5.899 -
5.997 
6.370 
5.980 
6.330 
. . fe',e.l20 
~ 6.900 
3.676 
2 380 
1.804 
0.447 
1.018 
*. ftS52 
asii 
1.016 
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bitizalion in the membrane, the partial immobility increasing in a relative manner 
with increase in the valence of ions constituting the electrolyte. In Figurt 12 
the individual ionic contribution to the properties of aqueous ions given by 
Noyes." '^ namely, A//hvdration. AFhydraiion. and AShydration of I^ i"^ . Na+, and K"^  
are plotted against corresponding AH\ AF^ and A5^  values for diffusion through 
the membrane. It is found that at least some formal relationship exists between 
these thermodynamic parameters. 
The authors are grateful to Prof. Wasi-ur-Rahman, Head of the Department of Chemistry, for 
pnn'idinf; research facHities, and to C.S.I.R. (India) for the award of fellowships to two of them (8 K.S. 
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Summaiy 
The various ionic processes occurring in membrane systems notably (i) ionic transport, 
(ii) membrane potential, (iii) cleclrica] conductivity, and (iv) ionic difitribution and tiie 
potentials vi'ithin the membrane have bi;|cn thoroughly studied with a parchment-supported 
silver phosphate membrane. By applying the theory of absolute reaction rates, various 
thermodynamic pn-ameters, namely AH"^ , A F ' ' , and AS''', were evabialed. The A S ' ^ * 
<»alue5 were found to be negative, indicating that diffusion takes place \yitb partial im-
mobiiization in the membrane phase. The effective fixed charge density was also evaluated 
by methods based on the thermodynamics of irreversible processes. 
We have been engaged for some time in studies of model systems which 
mimic some of the properties of biological membranes. For example, parch-
ment-supported membranes [1—4] and certain polymeric ittembranes [5—7] ,> 
ki some formal aspects at least, behaved like gastric mucosal membrane [8].' 
This series of communications deals with the application of the Nernst-
Planck formulas for. electrical potential to the study of diffusion rates as well 
as the evaluation of the therm odynamically effective fixed charge density by 
i^ent methods based on the thermodynamics of irreversible processes [9—15]. 
Experimental 
Preparation of membrane 
The parchment-supported silver phosphate membrane was prepared by 
ttie method of interaction sugges,ted by Siddiqi et al. [2], to which the reader 
is refetted. In the present case, tlie membranes were prepared from 0.2 M 
$olution8 of AgNOs and sodium di-ortfto-hydrogen phosphate. 
Apparatus and procedure 
The apparatus and procedures used to determine diffiision rates are those 
dpscrihed by Siddiqi el al. ( 2 - 4 ) . Thn half cells contained 125 ml of the ' 
eJcclroJyto solutions while iho capacity of each of the half cells holding the 
membrane was about 130 ml. Initially these concentrations, C| nnd C,, were 
0.001 M and 0.1 M. Each half cell had two platinized-platinum electrodes 
firmly fixed in order to follow concentration rhannes on a (onductivily bridRe 
(Cnmhricici; hmtnimf-nt Co., Knfiliind, No. li'MliO), and two anion-revciHibie 
AK/ARCI cloclrtKlos, one a di.sc type in pass a small d.c. current and the oU\er 
a J-.sliaped wire electrode used to measure membrane potential (by Pye-
Precision Vernier Potentiometer No. 7568). The whole coll was immersed In 
a water tbcrmoalat maintained at 10, 20, 25, or 35^; (i0.1''C) for measuring 
the diffusion rates of various electrolytes through the parchment-supported 
silver pho.sphatc membrane. The various salt solutions (chlorides of IC, Na*, 
Lr, Ca'% Ba'", S r ' \ Mg^% and AP*) were prepared from BDH(AR) grade 
chemicals using deionized water. 
Once the cell was set up, the experimental procedure used was to follow 
the conductance change on the dilute side of the membrane with time. The 
exact concentration of the solution at any given time was estimated from a 
calibration curve of conductance against concentration. The J-type electrodes 
monitored the membrane potential with time. The membrane resistance, R^, 
was determined by applying an external emf to the disc-type Ag/AgCl elec-
trodes and measuring the change in potential across the membrane using the 
J-typo electrodes. 
For the evaluation of membrane charge density, another cell of the follow-
ing type 
Ag/AgCl I Solution 11 Membrane I Solution 2 I Ag/AgCl 
1 J ' l I I t . j I 
was set up to measure membrane potential. The membrane potential was 
measured by keeping a fbced concentration ratio, i.e. Cj/C? = -y = 10, through-
out the experiment. The observed membriuii^ potential is the sum of the cell 
potential and the concentration potential, 'ihe pressure and temperature 
were also kept constant t h rou^ou t the experiment The potentials were 
measured at 25'X). 
Results and discussion 
Diffusion of electrolytes 
When an ionic gradient is maintained using two solutions of different con* 
centrations of the same electrolyte on either side of the ntcmbrane, diffusion 
of electrolyte from tlie region of high concentration takes place. In addition, 
an electric field due to differences in the ici ic mobilities is established across 
the membrane. If the membrane contains a large number of fixed charged 
groups, the potential generated will be many times larger than the liquid 
junction potential normally observed when the same two soluUohii are 
brought together with or without an "uncharged" membrane in between. 
Th' ?r- 1r!i!i?!)ort |>lu noinrna aro often dpscrihal l)y Ronio pxtctidrd form of 
iJic Ncrnsl. rianrk flux ocjiinlinns | IP). Evaluation of flows requires intofjra-
(ion of UicKO flux oquations under fiuitabli! bouHd.iry conditions governing 
UiP behavior of tin- membranr olcctrolyto system. .Some time nf!o, based on 
the pimiije'laws of flec'1roly;;i.^ , KitlelbcrR(>r 117) developed the following 
e(]un1j(>ns fnr llic niiijniioii of icns in an aijucous solution: 
Q- • % (2) 
where the Q\ are tlie number of niilliequivalcnts of ions diffusinp in time t sec, 
the / ' s are ionic valeneies, F is the i'^ iuraday constant, / represents the current, 
and /+ and i_ are the transference numbers of cations and anions, respectively. 
Substituting E/^m for / and differentiating cqns. 1 and 2 with respect to tih\c 
yields equations for the migration rate: 
(3) 
(4) 
The emf of a concentration cell without liquid junction depends on the 
electrodes witli which it is measured. If the electrodes are reversible with 
respect to the cations, 
and if they are reversible with respect to the anions 
and 
dQ_ 
" Z;FR^ 
E t 
ZlFR^ 
^c* = l^~^- 'n (oi/cz) (5) 
Ec- = _jj-^ in (a./oi) , (6) 
where E^ and E^ represent concentration potentials acting on the cations and 
anions, respectively. 
The final general diffusion rate equation was developed by Kittclberger [17 J 
'^'^^[s-i -•^^]m^i>^M^^j\ dt 
... ^ • - _ _ . • ' „ in 
(7) 
where 0, (Ci7i) and Cj (Cj^a) are the activities of the two solutions of the 
same electrolyte on either side of the membrane. For practical use, eqn. 7 
inny he simi'liii'd liv Mjli.lifutiuK I'ti- oqiiivaJonL potential diffftTcnce for fhe 
concentrulion icrins: 
wlirrr K,„ is Dm mcmliranf I'ol^ Mitial in millivolts. 
l^qn. H may ho roarrrin!;o(J lo pivo 
. y &-'"§ ;^-a '^J )^!./-,:..)*!.^ .,)} .. . m. 
(9) 
where the 7'R arc the activity coefficients of the electrolyte solutions. 
Sinze Z_ is always unity and O] and «j are known, E^ can be evaluated. As 
{E^ + ^n,) was measured directly, E^ may be evaluated by subtraction. 
The membrane resistance is plotted against electrolyte concentration in 
Pig. 1, for various electrolytes. Plotted in Fig. 2 are l^ Ag/Ai.'Clt ^m ^^^ ^m ^^• 
concentration, and R^ and the diffusion rate vs. time for the same electrolytes. 
At any given time the membrane resistance increases in the order KCl < NaCl 
< LiCl for the 1:1 electrolytes, and CaClj < MgClj < BaClj for the 2:1 elec-
trolytes; the 3:i electrolyte produces the highest value of i?,^. 
The J?n, values for various electrolytes display a very interesting phenomenon. 
In the case of 1:1 electrolytes the values are all positive (the dilute solution 
side, C|, is taken as positive) indicating that the membrane is cation selective. 
ISO 
2.0 1.0 
Conctnlrotlon ( n M ) 
i.O 
Pig. 1. Membrane resistance /?_ vs. conlientralion for (a) AlCI,, (2) B«C1„ (3) LiCl, 
m (4) KCl, (5) MgCl, (6) NaCl, (7) SrCl,, and (8) CaCl, acrosa a silver p4tacphatomembtine. 
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Fig. 2. Plots of (I) A'A„,A6CI . (") ^m' "n** ('"> ^m «• coneentration for (a) KCi, 
(c) BaCl,, and (e) AlCl,; and diffusion rate and K„ vs. time for (b) KCI, (d) BaCI, 
(f) AlCI, across a silver plicjsphate membrane. and 
In Uic ciir,' of 2:1 and 3:1 r-lcitrdlyU-s, /•',„ changrs Ripn. This means that the 
mftnbranc has hocomc anion splcctive. This chanpc in the Rcloctivity character 
of the membrane is evidently due to adsorption of multivalent iona lending to 
a state where a net positive eharpe is left on the membrane surface mokinp it 
anion selective. AdKorplion of Al'* makes the membrane more anion selective 
Ihan it is with the arKorption of divnlcnt culinns. 
With Hu h(!|t of cqn. 9, the raki. at \vhi<ii various elertrolyte'; diffuse 
ttirouyh the membrane were calculated at various temiJeratures and these are 
given in Table 1 at 2r)"C. The diffusion rale derived from the elcctrometrically 
or conductomctrically determined changes in the salt concentration of the test 
solution C, is called the "Oiisorved Diffusion Rate" while the values computed 
from Ihe measured concnntralion j)otenti;i] and electroiylic resistance of the 
membrane is (Iesif;nated the "Computed Diffusion Rate". In Figs. 3(a) and 
3(b) are shown the computed and observed diffusion rates for various electro-
lytes diffusing through a silver phosphate membrane at 25''C. For comparison 
the rates of diffusion of hydrochloric acid through polyvinyl butyral mem-
branes obtained by Kittelberger [17] are also shown. It is found that in both 
the cases the agreement is quite satisfactory. 
A simplified theory of selectivity for the four alkaline earths (Mg'*, Ca'*, 
Sr**, and Br**) in a cation exchange membrane with univalent negatively 
charge sites has been worked out independently by Eisenman atld Sherry 
f 18—21] • Specificity is considered to depend upon tlie values of two 
parameters: the field ..trength of the anionic sites and the distance between 
adjacent sites. Specificity is determined in Eisenman's model by the difference 
between the free energy of hydration of the alkaline earth cations and their 
coidorab energies of interaction with negatively charged sites. Very weak 
sites yield specificities falling in the order of the hydratcd radii of the cations 
at any site spacing, and the specificity for very strong sites falls in the order 
of the non-hydrated radii until large site spacings are reached. Sherry's model 
predicts that out of the 24 sequences obtainable by permutation of the four 
TABLE 1 
Values derived for diffusion rate D^', diffusion coefficient JD^ ; activation energy £,; and tlie thermodynamic parameters A1 
tS*, and AF* for diffusion tiirough a parchment-supported silver phosphate membrane at 25°C. 
Electrolyte 
KCl 
NaCI 
LiCI 
BaCI, 
CaCI, 
SrCI, 
MgCl, 
A1CI» 
rf* 
D,X 10» 
(mole/sec) 
2.69 
2.37 
2.09 
1.57 
J.73 
1.49 
1.79 
0.91 
D^X I C 
(cm'/sec) 
3.47 
2.4 
2.00 
1.13 
2.24 
1.45 
1.74 
0.47 
^^ « (Kcal/mole) 
6.45 
6.22 
6.10 
5.07 
5.76 
6.18 
5.30 
6.68 
&H* 
(Kcal/mole) 
5.86 
5.63 
5.51 
4.48 
5.17 
4.59 
4.71 
6.08 
AS* 
(Kcal/deg-mole) 
0.186^ 
- 1 . 3 0 
- 2 . 0 6 
- 6 . 6 0 
- 2 . 9 5 
- 6 . 7 4 
- 4 . 9 7 
- 2 . 9 S 
&F* 
(Kcal/mole) 
5.80 
6.02 
6.13 
6.44 
6.05 
6.30 
6.19 
• .98 
' 
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Pig. 8. (a) Observed and computed diffusion rates in mole/sec for various electrolytes 
•cross a silver phosphate membrane, (b) Observed and computed diffusion rates in 
mole/sec for HCI across a polyvinyl butyral membrane containing dispersed silica 
alkaline earths, only seven should actually be observed as selectivity sequent 
ces. The two extreme cases are Ba** > Ca** > Mg** for low field stren^ts 
and Mg** > Ca** > Ba** for high field strengths. On the basis of the 
Eisenman-Sherry model, the diffusion rate sequence obtained with the parch-
ment-supported silver phosi^hate membrane suggests that the charged groups 
produce a weak field. These findings are in complete agreement with our 
mcasul'ements of membrane charge density discussed later. 
The theory of absolute reaction rate processes has been applied to diffusion 
processes in membranes by ourselves and other investigators [22—24]. The 
integral diffusion coefficient J3g is given by 
D^'A e-^m(RT (10) 
where J?, is tlje observed activation energy for diffusion and A is the frequencjr 
factor. Thus, if logD^ is plotted against l/T, the slope gives the value ofM^. 
The values of B, are given in Table 1. Various Uiermodynamic parameters 
«uch as the entropy of activation, AS^', the enthalpy of activation, AH^, and 
the free energy of activation, AF^, have been evaluated by using the following 
equations. According to Zwolimki, et al. [23] 
Z?^  - X» (fcr/h) expCAS'^/UD exp(-A/r^/«T) 
a n d A f ^ - A i / ^ - T A S ^ , 
where X is the distance between successive equilibrium positions of the 
diffusing species; k the Boltzraann constant; and iJ. T, and F have their usual 
•IgniJBcance. The values of HfT, Af* ,^ and AS^ are also given in Table 1. 
The dnt^ i olitainod in the present study imJicate that (ilK-trolytc ponncation 
Rives ri^o In n<,; liivo vaJms of AS ' wiui o maKnilude depends on the value 
chosen for X (A has l>oen assumrd to bo betwpon 3 A and 5 A for different 
cloctrolytos). Since the membrane used in this study is fairly thick, it is 
bchcved that the membrane itself and not Oic membrane-solution interfaces 
controlled the electrolyte diffusion process. As suggested by Schuler et al. (22J, 
the negative valvics of AS"^ indicate that electrolyte diffusion occurs with 
partial immohili/ution in the membrane, the immobilization increasing with 
llic valence of the ions. In Fig. 4 the individual ionic contribution to the 
properties of aqueous ions, namely A//,,yd,ati„„, AFhyd^aUon a"^ £fhydrBtion 
of various cations, are plotted sigainst the correspondmg Atr, A i ^ , and 
AS* values for diffusion through the parchment membrane. It was found 
that at least some formal relationship exist.s between these thermodynamic 
parameters. 
Evaluation of membrane charge density 
The membrane potential across the silver phosphate membrane observed 
when it was used to separate two solutions of different concentrations of the 
same 1:1 electrolyte are plotted against log ({C, + C2)/2) and are shown in 
Fig. 5 for various electrolytes at 25"C. Recently, Kobatake et al. [9—13] 
have obtained various expressions for the membrane potential derived from 
the thermodynijnics of irreversible processes for the electrical potential, 
A0, across a (negatively) ionizable membrane. The final expression for the 
membrane potential is 
4 
6 -
- E 4 
u 
X 
J • 
• 3 
-
• » 
. 
o 
E 
5 0 
"" -1 
< 
' 
• 
' 
ay 
^^•^Y 
"•V^il^l-. 
1 1 • 
10 20 10 
- * Shydrolion 1 •* Col 
1 1 
(ml 
l i * 
li» 
, 
«0 Itl 
to 60 ao 100 uo 
- * Hhydrotlon IK Col /m» 
_J I . I I l__ 
to «o to ao 100 uo 
- * "hydrolion «•< C o l / m , 
Fig. 4. Plote of (I) All*, (II) AF*, and (III) AS* vs. AWhydraiion' ^^h y ((ration » * " ' ' 
^^hydration '^ *" ^^^ diffusion of cations across a silver phosphate membrane. The solution 
d«ta were taken from Noyes (25] . 
so 
- ! - -
*0 
20 
• KCI 
• NoCI 
• KCI 
« MH«CI 
\ 8 
1 S 
-J -1 
Fig. 5. Observed mombrane poterttia] vs. log(C, + C,)/2 across a silver phosphate membrane 
for various electrolylcs at 25°C. 
A0 RT 1 , Kyi 
u. 
! - ( 1 + Hi;^^ a&o) 
where a = — — 
and 0 = 1 + KFB 
(11) 
12(a) 
12(b) 
where u+ and u_ are the nioUur mobilities of positive and negative ions, K is 
a constant which depends on the viscosity of the solution and the structural 
details of the polj'mer network of which thv, membrane is composed, and 0 
is the charge density. These parameters are assumed to depend on salt con-
centration. 
Kobatake [9—13] has derived two limiting forms of eqn. 11 useful for ^. 
the analysis of experimental data on membrane potential: 
(0 when Ci becomes sufficiently small with 7 fixed, eqn. 11 reduces to 
IA*,|=^ln 7 
where I A<^ , | 
_(T_Illj(i4_2a)^ 
FA<t> 
RT 
e 0 
(13) 
(14) 
which is tlie absolute value of the reduced iiiembrane potential. 
(«) It is well known experinentally that at fixed 7 the inverse of an apparent 
transference number (f app) ^ '^ *^ ® co-ion species in a negatively charged 
membrane is proportions! to the inverse of the concentration Cj in the region 
of higjj salt concentration. Here ^^ p^ is defined by 
I A 0 J = { l - 2 V p p ) In 7 . 
Now eqn. 11 may be expanded to give 
'app ( 1 - a ) 
{l+p-2Qp)(y-
2{l-af In 
1)« 
(IB) 
(16) 
Eqns. 13 and 16 indicate tliat the. values of /? and a may be obtained by 
evaluating the intercept of plots of IA 0,1 against Cj and l/fgpp against 1/Ca 
at fixed y. These plots are shown for vaiious uni-univalent electrolytes Uirou^ 
the parchment-supported silver phosphate membrane at 25''C in Figs. 6 and 7, 
respectively. The intercepts are equal to (1/^) In y and 1/(1 — a) from which 
P and o may be evaluated. From these a and /? values, 0 values may be obtaine(fi 
for various 1:1 electrolytes. 
To compare theory and experiment, Kobatake made the following suggest^' 
Because 
(17) e9 
-el 
- 1 
where 
9 = 
|A0,| 
1 
P 
z. 
+ ( 1 -
+ ( 1 -
- 2a)In y 
-2a) 
(18) 
and 
Z = (19) 
Pig. 6. Plots of |A«,|/2.303 vs. C, for (1) LICI, (2) CH,CX)OK, (3) NaCl, (4) NH,C1, and 
(5) KCl across a silver phosphate membrane at 25*0. 
U 5 0 2V00 )7.S0 SO.OO t2S0 
Fig. 7. Plots of llt_ vs. lie, for (1) LiCl, (2) CH,COOK, (3) NaCl, (4) NH.Cl, and 
(5) KCl across a silver phosphate membrane at 25°C. 
then, if eqn. 11 Is valid, a plot of (7 — e'3')/(e9 — 1) (calculated from measured 
A0 values with the a, /3, and 6 values determined above and the known value 
of 7) against t must be a straight line with unit slope and passing through the 
origin. This behavior must be valid irrespective of the value of 7-and the kind 
of membrane-electrolyte system. This prediction is borne out quite satisfac-
torily by our experimental results. 
The mass transference number of anions in the membrane is given by 
Kobatake[9-13] : 
= 1 - a (4e» + 1) '^ + 1 
JM^+iy^ + ( 2 a - l ) ' (20) 
where e stands for the relative concentration defined by C/0X, where (pX is 
the charge density of the membrane. 
On the other hand ttie apparent transference number Tgpp is defined by 
the Nemst equation 
= RT 
F A0 = - ^ ( l -2T3-„„) ln-§^ app ' (21) 
The difference between r_ and Tapp was less than 2% in KobatakeVexperi-
ments within a wide range of salt concentration [9—13]. 
If we replace T_ by Tgpp and C by (C, + C2)/2, eqn. 20 may be rearranged 
to give 
1 ~ lai ia ." " 
(4e^+l)"^ a - ( 2 a - l ) ( l - 7 ' , 
app 
) " " . (22) 
where Pg is a measure of the permselectivity of the membrane-electrolyte 
system. 
Kobatakc suggested a procedure for evaluating the membrane charge den-
sity which was adopted for the present investigation. The various values of 
Pg were csUnilated by substitoiting the values of a (bulk) and Tappinto eqn. 22 
and then Pg was plotted against log C. Thus a curve was obtained as shown 
in Fig. 8. When C = 4>X, the value of g automatically becomes equal to unity 
and Pg becomes 0.448 from Pg = l/(4c' + 1)"^. At this value of Pg the corres-
ponding concentration is obtained from tlie plot of Pg versus log C. This value 
of concentration is equal to the fixed charge density of the membrane and 
such values are given in Table 2 for various electrolytes. 
The eraf A^ may be expressed by the modified Nerst equation 
A<t> = A./.N (2 fc-1) (23) . 
where A0 is the measured membrane potential in mv and A^^ is the Nernst 
potential. T^ is the cation transference number which was calculated from 
measured potentials for different solution activities. 
Another method was also developed to evaluate the transference number 
by usmg Hersh's equation [26] : 
(ii/v) C+ 
^<^ ~ (u/u) C+ + C_ 
where C+ = | - Wi<l>Xf + iC\ + 0^-1 
and C_ = y fy/i^y +4C\~ ,}>X 1 , 
(24) 
(25a) 
(25b) 
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Pig. 8. Permselectivity P^ vs. 1OB(C, + C,)/2 for various electrolytes across a silver phosphate 
membrane at 25°C. ' 
TABLK 2 
Charge density (c^X) i>f n parclimeiil-supporled silvor phu«phtitc membrane 
obfaiiifrt liy two mplhfifls, aly - 1.0 
RIeclrolyle ifiX from Kobatakc's 0X from NaRnsawa's 
mt'lhod (eq. 1 ' ) mellioJ (cq. 1') 
KCI 0.0.T5 0.02f) 
NiiCl 0.026 0.025 
LiCl 0.032 ' O.OSfi 
NH.Cl 0.020 0.050 
where (fifr) is Uie mobility ratio in the membrane phase and C+ and C_ arc 
the (Ml !on and anion concentrations in the membrane phase. Thus, value of 
Tf, wore evaluated from eqn. 23 as well as from eqn. 24. Those values were 
found to be in close agreement. « 
Recently, Nagasawa et al. [14] developed a new method for the evaluation 
of the charge density of membranes. The system considered was analogous 
to the Kobatake method |9—13]. The solutions on both sides of the mem-
brane were maintained at the siuiic pressure and temperature throughout 
the experiment. The fluxes of water and ions relative to the cell were expressed 
by tlie following linear equations: 
—Jo = JLOO grad {lo + Lo + grad M+ + i-o — grad M_ (26a) 
—J+ = L+o grad/io •'"^++grad/j++L.^_ grad/]i_ (2Gb) 
~J_ = L_o grad juo + L_+ grad Ji+ + L grad ju.. (26c) 
Here subscripts +, —, and zero represent thescation, anion, and water 
molecule, respectively, and the ^ s are the mass fluxes, L's the phcnomenol-
ogical coefficients, and /i's the chemical potentials including the contribution 
due to external forces. 
The concentration of the electrolyte in the solution was so low that the 
flow rate of sohitions (J^) was approximated by JJCo, where Jo and Co are 
defiijed as mole/cm^-min and mole/cni'^, respectively. Thus we have: * 
-{LiolLoo)Jo'^-iCilCo)Jo . (27) 
The distribution of ions in the membrane is not uniform. Most counterions 
are accumulated arouhd the weed charges in the membrane matrix due to their 
strong electrostatic forces. The effective concentration of colons is approx-
imately equal t o ^ „ , whereiis the effective concentration of counterions may 
be expressed by C_ + ipX, where (1>X is the charge density of the membrane. 
Thus, the following equations were obtained 
C_ + (l>X _ 
~J^ = - i—p; ) Jo + (C^ + <I>X) u+ gradii+ (28a) 
c 
WIHTC W+ find ((. arc I he t alinn jind anion rnfibiliUp,-. in (ho inoinhrnnc pliasc. 
From tlio ronclilioi) of no ciirrcnl at strsniy Mate, i.e. «/+ ~ i/„ "' J^ for a 
1:1 t'lorUolyt'^ rysti^n, (nn^. '^ ^ wcrf rcarranui'd to pivc 
- J , - - { ) - ... • + - .- - t-nKlC... 
Co (C H V'V) //^  + C u {C + (,iA') > C. ii_ 
(29) 
On inU!f;ratin(; across the membrane, this equation gave: 
nr 2iuii A, (At- 0A') {A,-<;'X/2) /C;. . +y\, 
- . / . ( ) 
6 (u^+uJ{Ar-A2){A, 
RT 2u,u_Ai(Ai~<l>X)(Ai-'^^ / Ci_ + ^ (30) 
« («^ + «_) (y| J -y i , ) (/\a - 1 ^ ^\J ^ c,_ + yi, 
. P 2IiTCoU+uJi 
where yl.- = ^ ,: ~ — - (!,Xu+ + + (-1)"^ 
' 2 (u+ + u_) 
2liTCoU+uJi 
(<A.Yu+ f + 4(4>Xf u^u_ J (31) 
The parameter 6 is the thiekness of the membrane, and fe is a constant which 
was evaluated by integrating the equation 
= (C_ + ^~ )-' Ci -
(0X)^ Jo 0:^ u+fe 
" I ^ + C_ j + li -
dX / L 2«'/'CoU+u_ ^2RTCJ_ 
-• *-- ] • (32) 
2«jrCo (u+ +(/_) 
The membrane potential aiising on both sides of the membrane (A0 -
A4>i — A^j) was taken as the sum of the diffuaion potential (Ai^ j^) inside the 
membrane and the electrostatic potential differences (A^^) between the 
membrane and electrolyte solution phases on both sides of the irtembnme, 
ie . 
A^ = A«ij + A0^ , (33) 
2 "^ o 
whore ~ A<t<^ = ~ / —^ -__-
4>X 
djc + 
1 FCo (C_ + 4>X) u+ + C_u. 
RT 2 (C_ + 0X)u+ RT 2 C_M_ 
— / -^ •_ • - d in Of — — / ^ -^—dlna_ 
F 1 (C_ + <f.X) H+ + C_«_ F \ (C_ + «X) u+ + C_n_ 
For Jo = 0» eqn. 33 on integration gives 
—A(/) ~ 2 ^ In 
33(a) 
33(b) 
Xf) 
,Cj_ + Ai 2<^Xu^«_ ( 4 , _ * / ) 
-(^—) ^  (f) r^ 
^Xu+ 
ln( ) 
(34) 
while if Jo was small and 4>XJ0 « 2RTCQU — fe, then eqn. 34 changes to 
—A0 .RT 2F ^
€ 
C2_ + ^A" 
In 
Ci_ + — — 
Ci_ (Cj_ + *:ir) 
(#X)Vo 
Hf) M+ — «_ 
«+ + «-
— 
1 -
1-
0XJo 
RTCn (u+ -
<PXJQ 
2RTCo u_k 
u. .)k 
Ci_ + 
«+ + u_ 2KTCo (U4. + u_)k 
4>Xu^ {<^XfJo 
u+ + u_ 2/JrCo (u+ + u_)fe 
i?T<^X 
2F«+«„ ^iJrCofe 
1 -
<l>XJo 
1 
( ( C 2 _ - C , _ ) ) (35) 
2RTCo u-k 
In the limit of low concentration, eqn. 34 becomes 
RT<i)X ( j , ^ y 
^XJo (M+ + u_)\ 
4RT pou^-uji 
4>X JQ 
i)XJo 
RTCo (u+— u_)k 
<pXJo 
2MTCoU — k 
In 7 + 
( T - l ) C , (36) 
At significant electrolyte concentration, eqn. 36 reduces to 
which predicts a linear relationship between A0 and 1/Ci from which 0X can 
be cplr:ulated. Fig. 9 demonstrates that such a relationship exi^t^ln the 
(37) 
membriuie-electrolyte system under investigation. The values of ^X derived 
fironi the initial slope in this way are given in Table 2, for a parchment-
supported silver phosphate membrane. 
Acknowledgements 
The authors are grateful to Prof. W. Rahman, Head of the Department of 
Chemistry, Aligarh Muslim University, Aligarh, for providing the necessary 
research facilities, and also to C.S.I.R. (India) for the award of fellowships 
to I.R.K., S.K.S., and M.A.A. 
References 
IFasih A. Siddiqi and S. Pratap. J. Electroanal. Chem. 23 (1969) 137; ibid, 23 (1969) 
147. •• . ' 
2 Fasih A. Siddiqi, N. Lakshminarayanaiah, and S.K. Saksena, Z-phys. Chem. (Frankfurt), 
72 (1970) 298; ibid., 72 (1970) 307. 
3 Fasih A. Siddiqi, N. Lakshminarayanaiaii, and M.N. Beg, J. Folym. Sci., 9 (1971) 2853; 
ibid., 9 (1971) 2868. 
4 N. Laksliniinarayanatah and Fasih A. Siddiqi, Biophy. J., II (1971) 617; ibid., II (1971) 
603. 
6 N. Lakshminarayanaiah and Fasih A. Siddiqi, in M. Bier (Ed.), Membrane Processes in 
Industry and Biomedicine, Plenum Publishing Co., N.Y., 1971, p. 301. 
6 N. Lakshminarayanaiah and Fasih A. Siddiqi, J. Potym. Sci., 8 (1970) 2949. 
7 N. Lakidtminarayanaiah and Fasih A. Siddiqi, Z-phys. Chcm. (Frankfurt), 78 (1972) 150. 
ST. Teorell, "Membranephenomena", Discussion Faraday Soc. No. 21,1956, p. 9. 
9 Y. Kobatake. T. Nariabi, and F. Hiroski, J. Phys. Chem., 69 (1965) 3981. 
10 Y. Toyoshima, M. Yussa, Y. Kobatake, and H. Fujita, Trans. Faraday Soc, 63 (1967) 
2803,2814. 
11 M. Yussa, Y. Kobatake, and H. Fujita, J. Phys. Chem., 72 (1968) 2871. 
12 N. Kamo, Y. Toyoshima, and Y. Kobatake, Kolloid Z.Z.Poly., 249 (1971) 1061; 
248 (197aj:914. 
_J8J1 Ksm^M^^^iland Y. Kobatake, J. Phys. Chem., 77 (1973) 92 
14 M. fasaka and"^Aakj) J. Pfaxs^J^em., 79 (1975) 1307. 
16 N. Karao, Y. Toy^Ehna, H.C^Iaz^and Y. Kobatake, Kolloid Z.Z.Poly., 248 (1971) 
^914,_— 
16 G. Schmid and H. Schwaw, Z.Electrochem., 55 (1951) 295; ibid., 55 (1951)684. 
17 W.W. Kittleberger, J. Phys. and Colloid Chem., 53 (1949) 392. 
18 G. Eisenman, in A. Kleinzellec and A. Kotyk (Eds.), Membrane Transport and 
Metabolism, Academic Press, New York, 1961. 
19 G. Eiseaman, Biophys. J., 2 (1962) 259. 
20 G. Eisenman, The Glass Electrode, Interscicnce, New York, 1965. 
21 H. Sherry in J.A. Marinsky (Ed.), Ion Exchange, Vol. 72, Dekker, New York, 1968. 
22 K.E. Sdbuler, C.A. Dames, and K.J. Laidler, J. Chem. Phys., 17 (1949) 860.' 
83 B.Z. Zwolinski, H. Eyring, and Reese, J. Phys. Chem., 63 (1949) 1426. 
84 S. Giasstone, K. J. Laidler, and Eyring, The Theory of Rate Processes, McGraw Hill, 
JJ.Y., 1941, pp. 625-544. 
£5 RlS) Noyes, J. Amer. Chcra. Soc, 84 (1962) 513. 
26 L.S. Henh, J. Phys. Chem., 72 (1968) 2195. 
Fig. 9. Plots of AiplC )^ vs. 1/C, for various electrolytes across a silver phosphate 
membrane at 25''C. ^ 
